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ABSTRACT 
 
Microfluidic systems have the ability to tailor cell microenvironment in a con-
trollable and reproducible fashion that cannot be easily achieved by conventional me-
thods.  This research aimed to develop microfluidic platforms for manipulation of cel-
lular microenvironment and communication, which enabled new assays for biological 
studies to advance our understanding of various biological systems.  These simple and 
compact platforms were compatible with conventional cell culture practice, which 
would lead to potential widespread acceptance by the biological community. 
 To control the interactions between two cell populations, a mechanical valve 
was integrated into the microfluidic platform containing two cell culture chambers.  In 
the natural state, the two microfluidic chambers were connected, and the two cell pop-
ulations cultured side by side communicated with each other.  Once the valve was ac-
tivated, the two cell populations were isolated and distinct cell types could be treated 
individually without affecting the other. To differentiate cell-cell interactions through 
either direct cell contacts or soluble factors alone, an agarose-coupled valve barrier 
was constructed.  This barrier blocked cell migration but permitted exchange of signal-
ing molecules.  We further modified the permeable barrier by embedding ligand traps, 
which had the ability to bind selectively to certain soluble molecules with high affini-
ty.  As a result, the barrier became semi-permeable and could block the transport of a 
specific type of molecule, which provided a new way to probe the cellular signaling 
pathway.  
ii 
To study chemotaxis, a pressure balance fluidic circuit was designed and fabri-
cated which had the ability to generate automatically two streams with equivalent 
pressure and flow rate from two individual passive pumps.  By feeding a pyramidal 
microfluidic circuit with these two streams, an approximately linear concentration 
gradient was created and maintained.  The pressure balance fluidic circuit was also 
integrated into the traditional Dunn chamber to generate a concentration gradient on a 
two-dimensional surface or in a three-dimensional matrix.  
We believe that these platforms would have extensive applications for neuro-
biology and cancer biology, as demonstrated by the studies of dynamic imaging of 
synapse formation, neuron-glia co-culture, tumor cell – endothelial cell cross-
migration, and fibrosarcoma cell migration. 
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1 
CHAPTER  1 
 
INTRODUCTION 
 
1.1   Background 
Microfluidics, the study of fluid flow at microscale and its applications in bio-
logical, biomedical, and chemical analyses, has seen tremendous progress over the last 
two decades (Squires and Quake, 2005).  Under the framework of ‘lab-on-a-chip’, 
‘micro-total-analysis system (μTAS)’ or ‘bio-micro-electro-mechanical system (bio-
MEMS)’, various microfluidic systems have been developed for biological investiga-
tions (Dittrich and Manz, 2006; El-Ali, et al., 2006; Narayanan, et al., 2006).  Micro-
fluidic systems have many advantages over traditional techniques, such as low cost, 
low reagent consumption, fast response time, and high-throughput analysis, which 
have been utilized for biological studies at both molecular (DNA/proteins) and cellular 
levels.  Some microfluidic systems typically miniaturize and shrink the corresponding 
traditional bulk analysis systems to microscale in order to take some of the above-
mentioned advantages; and others create new functions based on the unique physical 
and chemical characteristics at microscale which are not available for macro-systems.  
One important class of microfluidic systems are those for cell culture and microenvi-
ronment control to interrogate cellular behaviors in specified physiological microenvi-
ronments, which are not readily achievable in conventional bulk systems (Thorsen, et 
al., 2002).  
2 
Cell culture in vitro is one cornerstone of modern biology, which provides a 
useful model for understanding fundamental cell biology as well as an approach to 
mass production of proteins and vaccines (Freshney, 2005).  After isolated from donor 
tissue, cells are supplied with proper media and gas mixture and maintained at an ap-
propriate temperature for their growth and reproduction, which provides a route for 
understanding cellular behavior in a controlled in vitro environment.  Since the expe-
riments are performed in a controlled manner, in vitro studies usually have the ability 
to decouple multiple variables to dissect the mechanisms of complex biological inte-
ractions.  In addition, in vitro experiments can help to reduce the costs and labors 
compared to tissue culture and animal experiments. 
Cells that are cultured directly from tissue disaggregation or explants are 
known as primary cells (Freshney, 2005).  Most primary cells in cultures have a li-
mited lifespan, undergo the process of senescence, and lose their ability of replication 
after a certain number of divisions.  Some cells such as neurons even do not divide at 
all.  In contrast, an established cell line extends the cell’s lifespan. The cells have theo-
retically acquired the ability to proliferate indefinitely.  In the in vitro environment, 
some cells can grow in suspension, but most cells need to be attached to a solid sub-
strate to survive.  Recently three-dimensional (3D) cell culture in which cells are em-
bedded in a bio-gel matrix became popular because cells cultured in a 3D environment 
better represent their in vivo cellular behaviors (Abbott, 2003; Bissell and Radisky, 
2001; Cukierman, et al., 2001). 
 
 
3 
1.2   Cell Microenvironment and Cell-Cell Interactions 
 In vivo, cells spend all their lives in a complex and dynamic microenvironment 
characterized by its physical properties, biochemical components, neighboring cells, 
and specific extracellular matrix (ECM) components (Alberts, 2002).  The cell micro-
environment varies remarkably in different tissues.  Within their microenvironment, 
cells perform their functions properly through interactions and communication with 
other cells and the ECM.  Recently, understanding cells’ response to the ECM and the 
presence of other cells has attracted significant attentions (Abbott, 2003; Cukierman, 
et al., 2001; Even-Ram and Yamada, 2005; Sabeh, et al., 2004).  One advantage of the 
in vitro cell culture model is to allow researchers to identify the functions of specific 
factors through designed experiments. However, this task is extremely challenging 
because of the complexity of cellular interactions in the in vivo milieu. 
Cell-cell communication and interactions are essential for cell survival, growth, 
and differentiation during embryogenesis and organogenesis (Skinner, 1991).  Surface 
receptors, soluble extracellular molecules and the ECM all play important roles in cell-
cell communication and interactions.  Even if a single cell type is maintained, cells 
must reach a certain density to remain healthy. In addition, the culture media often 
contain complex cell-derived ingredients including various nutrients and growth fac-
tors.  Therefore, cells are still in communication with each other and interacting with 
other cell types indirectly. 
In multi-cellular organisms, cells have specialized structures called cell junc-
tions to join with each other or to the ECM to form tissues and organs.  Cell junctions 
usually involve transmembrane receptors that interact with the cytoskeleton on the in-
4 
side of the plasma membrane and bind to other cells or the ECM on the extracellular 
side (Alberts, 2002).  These junctions not only mechanically link cells together but 
also are essential for cell survival.  This is why cells usually need to attach to a proper 
surface and form a monolayer to survive in a two-dimensional (2D) culture.  Some 
junctions also mediate the passage of signals from one cell to its neighboring cells.  
Synapse, for example, is a highly specialized intercellular junction that mediates 
transmission of information between neurons.  Another example is that many cell sur-
face-bound proteins bind to receptor tyrosine kinases.  Both can simultaneously act as 
ligands and receptors to guide the cell migrations and axon extensions (Butler, et al., 
2010; Cheng, et al., 2002). 
Soluble signaling molecules include hormones, cytokines and growth factors 
secreted by local (paracrine signals) or distant (endocrine signals) cells.  These mole-
cules are transported away from the source via diffusion or convection and function as 
ligands.  Target cells sense most of such extracellular signals via their surface receptor 
proteins and then activate complex intracellular biochemical cascades to regulate the 
cell physiological behaviors.  Not only the concentration but also the spatial and tem-
poral distribution of these soluble factors is important in regulating cell behaviors.  
Chemotaxis, for example, is a phenomenon in which cells migrate in response to the 
gradient of a certain molecule, which plays a critical role in tumor metastases 
(Lauffenburger and Horwitz, 1996; Webb and Horwitz, 2003). 
 Cells typically reside in an environment with a very specific 3D ECM, which 
is produced by cells and consists of collagens, proteoglycans, adhesive glycoproteins 
and associated bound protein (Even-Ram and Yamada, 2005).  Cells bond to the ECM 
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through their cell-ECM junctions.  Along with providing a framework within which 
cells form tissues, the ECM directly modulates cell attachment, shape, morphology, 
migration, orientation and proliferation.  On the other hand, cells can also organize 
and alter the extracellular matrix dynamically.  During protease-dependent migration, 
for example, cells secret matrix metalloproteinase to cleave ECM fibrils to create a 
way to proceed (Friedl, et al., 1998).  
 
1.3   Microfluidic Platforms for Cell Culture 
Because of the importance of cell culture and microenvironment control in in 
vitro cell biology studies, various microfluidic platforms have been developed in the 
past two decades (Gross, et al., 2007; Meyvantsson and Beebe, 2008; Yeon and Park, 
2007).  This development benefits from the rapid progress of microfabrication tech-
niques.  Traditionally, microfabrication has been heavily based on silicon and glass as 
the construction materials, which requires access to expensive state-of-the-art clean-
room facilities and usually involves high costs.  In addition, silicon is not transparent, 
which limits its applications to studies requiring high-resolution imaging capabilities.  
Therefore, the device development has been severely limited to highly specialized stu-
dies.  The development of microfluidic systems has gained a great deal of momentum 
since the soft-lithography technique, based on transparent elastomeric materials ─ typ-
ically poly(dimethylsiloxane) (PDMS), became available (McDonald and Whitesides, 
2002; Xia and Whitesides, 1998).  The soft-lithography technique is of low-costs with 
the capability of rapid prototyping.  In addition, PDMS is non-toxic, biocompatible, 
thermally and chemically stable, gas permeable, and optically transparent for high-
6 
resolution imaging (McDonald and Whitesides, 2002; Xia and Whitesides, 1998).  All 
of these desirable features make PDMS popular in microfluidic devices targeting at 
novel biological assays. 
Microfluidic platforms have intrinsic advantages for in vitro cell culture over 
conventional biological platforms, which have attracted extensive attention recently 
(Dittrich and Manz, 2006; El-Ali, et al., 2006; Gross, et al., 2007; Meyvantsson and 
Beebe, 2008).  The characteristics of microfluidic systems include the small length 
scale, the laminar flow, and the large surface-area-to-volume (SAV) ratio, which grant 
these systems unique advantages (Paguirigan and Beebe, 2008; Squires and Quake, 
2005; Walker, et al., 2004).  For example, local pH and nutrient concentration varia-
tions have been a severe concern in conventional cell culture, which can be readily 
addressed in well-designed microfluidic platforms because fresh media flow can even-
ly distribute nutrients and remove wastes to improve cell viability.  Because of the 
simple laminar flow characteristics in microfluidic platforms, mathematical descrip-
tions of the flow patterns are available and accurate mathematical models can be con-
structed to design and revise the platform to promote specific cell behaviors.  More 
importantly, various aspects of the cellular microenvironment could be engineered in a 
precisely controlled manner, which will create a cell microenvironment in a controlla-
ble and reproducible fashion to test biological models. 
Various novel microstructures open new opportunities for spatial control at a 
single cell level for cell-cell interactions studies.  Taking advantage of this precise spa-
tial control capability, several different microfluidic platforms have been developed 
for cell co-culture and interaction studies.  Micropatterning technique (Bhatia, et al., 
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1997; Folch and Toner, 1998; Kane, et al., 2006; Khetani and Bhatia, 2008) modifies 
the surface chemical properties of the substrate by patterning/coating desired mole-
cules at selected locations.  Employing the affinity of cells to the coated molecules, 
one type of cells can be loaded to the coated region.  Other cells can then be loaded to 
the rest of the substrate and co-cultured with the previously loaded cells.  With the 
benefit of microfabrication, the well-defined adhesive region could be as small as a 
single cell body (Scholl, et al., 2000; Vogt, et al., 2005).  This technique allows for co-
culture of different cell populations and examination of cellular activities, which pro-
vides the possibility for many interesting biological studies.  However, the cells in co-
culture are exposed to the same media; therefore, it is impossible for separate treat-
ment to each cell type without affecting the entire culture.  In addition, this technique 
is only suitable for 2D cell co-culture as a result of the inherent limitation of surface-
patterning.  
In addition to surface patterning, cells can also be trapped in specific locations 
and cell-cell interactions can be controlled (Hui and Bhatia, 2007; Khademhosseini, et 
al., 2005; Skelley, et al., 2009).  For example, Skelley et al. (2009) presented a micro-
fluidic device in which dense PDMS cell trap arrays were fabricated inside a flow 
channel to capture two types of cells together and study their pairing and fusion.  Hui 
et al. (2007) reported a reconfigurable co-culture platform in which two comb-fingers 
like parts were used to control the separation distance between two cell populations.  
This development is important in the sense that the platform allows two cell popula-
tions to interact with each other in a controlled manner.  However, the comb-fingers 
were made of silicon leading to imaging and cost issues.  
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In microfluidic systems, because of the small length scale, viscosity effects are 
more important than inertia effects; therefore, laminar flow dominates in microfluidic 
systems and turbulent effects become negligible.  As a result, the combination of sev-
eral streams will flow in parallel to each other with only slow diffusion-based mixing.  
This characteristic of laminar flow has been used for directly patterning the adhesive 
molecules on a substrate surface and for cell deposition (Berthier, et al., 2011; 
Takayama, et al., 1999).  In laminar flow, soluble factors and suspended particles are 
transported by diffusion rather than convection in the direction perpendicular to the 
flow.  Therefore, if several streams containing different concentrations of certain sub-
stances flow side by side, a stable concentration gradient with complex profiles can be 
generated in the cross-flow direction (Dertinger, et al., 2001; Jeon, et al., 2000; Jeon, 
et al., 2002; Lin, et al., 2004; Takayama, et al., 2001; Walker, et al., 2005). 
Another important feature of microfluidic systems is the large SAV ratio, 
which is often several orders of magnitude higher than that of bulk systems.  Because 
relatively more surface areas are available for transfer and less amount of  mass and 
heat to be transferred, the large SAV ratio is efficient for mass and heat transport 
(Atencia and Beebe, 2005).  However, a large SAV ratio can be problematic for mi-
croscale cell cultures (Walker, et al., 2004).  If the surface of the microchannels could 
absorb/adsorb molecules (Lee, et al., 2003), for example, the local media composition 
would change in large surface contexts.  It has been shown that closed-channel PDMS 
systems could impede the growth and survival of neurons at a very low cell density 
(Millet, et al., 2007).  Uncrosslinked PDMS oligomers may also interfere with the 
growth of cells (Regehr, et al., 2009) in systems with large SAV ratios.  
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One more notable feature as the size reduces is that surface tension becomes 
more significant, which can be harnessed to drive the fluid flow.  Based on the surface 
tension effects, a passive pumping method (Berthier and Beebe, 2007; Lynn and 
Dandy, 2009; Walker and Beebe, 2002) has been developed to pump fluids inside mi-
crofluidic systems.  This spontaneous pumping method has become more popular for 
microfluidic cell cultures because it does not require expensive and complicated exter-
nal equipment.  This feature makes the whole cell culture system compact and readily 
compatible with conventional incubators so that it can help to avoid potential conta-
minations from the external devices. 
 
1.4   Dissertation Overview 
As pointed out above, microfluidic cell culture platforms have unique advan-
tages over conventional in vitro cell culture techniques, which have been projected to 
have transformative impacts to in vitro cell biology studies.  To date, however, most 
microfluidic cell culture platforms were still in the proof-of-concept phase (El-Ali, et 
al., 2006) and were far from widespread uses by the biological and clinical community 
at large even with all the unique capabilities and advantages.  This is partly because 
the developed microfluidic systems were often targeted for specific applications not 
for general purpose in different biological studies.  Moreover, many platforms still re-
quired a significant amount of engineering expertise to operate. A large number of 
connections to external instruments could also increase the chance of introducing con-
tamination to the culture.  To become a common tool in biological laboratories, micro-
fluidic cell culture platforms should have several features such as low-cost and dispos-
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able, simple to operate, compact and compatible with conventional cell culture prac-
tices, and suitable for various established biological approaches such as high-
resolution confocal microscopy. 
In this dissertation, several versatile and user-friendly microfluidic platforms 
have been presented, which have the potential for acceptance by a wide range of end 
users in different biological fields.  The dissertation is organized as follows.  Chapter 1 
presents a brief overview of microfluidics for cell culture.  Chapter 2 describes a mi-
crofluidic cell co-culture platform that integrates a microfabricated valve to achieve 
reversible separation and connection between two adjacent cell populations, which 
allows for separate culture, treatment of individual cell populations, and observation of 
cellular interactions under regulations.  Microfabricated valves have been mostly used 
to control fluid flow (Studer, et al., 2004a; Thorsen, et al., 2002; Unger, et al., 2000) or 
help to sort or trap cells (Irimia and Toner, 2006; Studer, et al., 2004b).  Here a micro-
fabricated valve made of a polymer barrier is used as a spacer to isolate two cell popu-
lations in close vicinity.  Chapter 2 also presents the application of this novel cell co-
culture platform to cell biology studies of central nervous systems (CNS) neurons.  
More specifically, two groups of hippocampal neurons are cultured and transfected 
separately with different fluorescently tagged genetic molecules coding pre- and post-
synaptic proteins for dynamic observation of synapse formation and plasticity.  In ad-
dition, the platform has been used for glia-neuron co-culture, which has shown signifi-
cantly different cellular behavior from the presence of glial cells.  The successful bio-
assays demonstrate the great potential of the platform for studies of molecular signal-
ing pathways and cellular interactions between different cell types. 
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Chapter 3 presents development of a modified version of the valve-enabled cell 
co-culture platforms and their applications to cancer biology studies.  The cancer biol-
ogy studies focus on cross-migration of 4T1 tumor cells and endothelial cells.  Assay 
results indicate that cross-migration mediated by different molecules shows very dif-
ferent patterns and that tumor cell migration under normoxic and hypoxic conditions is 
significantly different. 
Chapter 4 further explores the potential of the valve-enabled microfluidic plat-
forms.  An agarose-coupled valve barrier is integrated to study cell-cell interactions 
through soluble factors alone.  A semi-permeable barrier including ligand traps pro-
vides an innovative approach for probing signaling pathways.  3D side-by-side cell co-
culture is also demonstrated, which should significantly expand the applications of 
these microfluidic platforms. 
Chapter 5 presents a method to create a stable concentration gradient in the cell 
culture region through introducing a pressure balancing fluidic circuit, which reduces 
the pressure difference between two flow streams coming from two passive pumps.  
This microfluidic system can generate a stable gradient after the two streams are re-
peatedly split, mixed and recombined in the microfluidic network.  In addition, one 
more system is developed to create a stable gradient without substantial flow in the 
cell culture region; and therefore, cells will not experience significant shear stress on a 
2D surface or in a 3D matrix.  
Finally, Chapter 6 summarizes the completed work and discusses the prospec-
tive continued work in microfluidic systems for cell culture with microenvironment 
control.  
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CHAPTER  2 
 
VALVE-ENABLED MICROFLUIDIC PLATFORMS FOR NEURONAL STUDIES  
 
2.1   Motivation 
2.1.1   Synapse formation 
Synapses are highly specialized cell-cell junctions that allow for communica-
tions between neurons.  CNS synapses are structurally composed of a pre-synaptic 
axonal terminal and a post-synaptic region which in the case of excitatory synapses is 
composed of dendritic spines (Li and Sheng, 2003; McAllister, 2007).  The pre-
synaptic terminal is packed with hundreds of synaptic vesicles (SVs) filled with the 
neurotransmitter glutamates.  In response to an action potential, SVs fuse with the 
plasma membrane of the pre-synaptic terminal resulting in release of glutamates, 
which diffuse across the synaptic cleft, a 20~50 nm space, and bind to receptors on the 
post-synaptic terminal.  The binding triggers a number of signaling cascades in the 
post-synaptic terminal and a sequence of events that either stimulates or inhibits the 
production of an action potential in the post-synaptic neuron. 
Dendrites and axons are dynamic structures and their plasticity is thought to be 
the basis of cognitive functions such as learning and memory (Dunaevsky, et al., 1999; 
Gray, et al., 2006; Levy and Steward, 1979).  Not surprisingly, abnormalities in these 
structures are associated with a number of neurological disorders including autism, 
mental retardation, schizophrenia, epilepsy, and Alzheimer’s disease (Fiala, et al., 
2002; Selkoe, 2002).  
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Synapse formation is a fast and dynamic process involving the assembly of 
hundreds of pre- and post-synaptic proteins into a highly specific structure (Craig, et 
al., 2006; Garner, et al., 2006; Li and Sheng, 2003; McAllister, 2007; Waites, et al., 
2005).  Initially, both axonal and dendritic filopodia contact their potential targets, 
which is a fleeting and transitory process.  Some filopodia retract but some become 
stabilized, which is thought to be governed by cell adhesion molecules (CAMs) in-
cluding integrins, cadherin and the immunoglobulin (Ig) superfamily of CAMs.  The 
pre- and post-synaptic differentiation is triggered and cells obtain the ability to alter 
their cytoskeletons.  The pre- and post-synaptic proteins (SVs, active zone proteins, 
glutamate receptors, post-synaptic density (PSD), scaffolding proteins) are recruited at 
the initial contact site.  As these proteins accumulate, the nascent synapse grows larger 
and becomes structurally and functionally mature.  One of the most dramatic morpho-
genetic changes occurs at the post-synaptic side during the maturation process.  Syn-
apses are initially proposed to form on dendritic shafts or filopodia, but later these 
synapses locate on dendritic spines (McAllister, 2007).  Moreover, dendritic spines 
dynamically alter their morphology in mature synapses.  There is also a strong correla-
tion between the size of the spine and the strength of the synapse (Dillon and Goda, 
2005).  The time course of synapse formation varies from hours to days.  Mature syn-
apses can maintain for hours, days, or even years.  
Studies of the molecular mechanisms of synapse formation heavily rely on im-
aging the presence of fluorescence-tagged proteins at synaptic contacts in cultured 
neurons.  Particularly, recent progresses in imaging techniques such as image correla-
tion spectroscopy (ICS), image cross-correlation (ICCS) and spatial-temporal image 
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cross-correlation spectroscopy (STICS) provide powerful tools to measure sub-
microscopic protein distributions and their dynamics during the process of synapse 
formation (Petersen, et al., 1998; Wiseman, et al., 2004). 
In these studies, the gene encoding a fluorescent protein is inserted in frame 
with the gene encoding the protein of interest yielding a chimeric product consisting of 
that protein with a fluorescent manner (Giepmans, et al., 2006).  The ideal result is that 
the chimeric protein behaves in the same way as the untagged one but has fluores-
cence.  The location, mobility, transport routes and binding interactions of these fluo-
rescence-tagged proteins can be studied in live cells using start-of-the-art imaging 
technologies. 
Foreign DNA can be introduced into live cells via either viral (transduction) or 
non-viral route (transfection).  Compared to viral transduction, transfection is easier to 
operate and has been adopted in this dissertation.  Transfection can be accomplished 
through either physical methods such as micro-injection and electroporation or chemi-
cal methods including artificial lipids, dendrimers, calcium phosphate, etc. (Luo and 
Saltzman, 2000; Mcneil, 1989).  Among all these methods, transfection using a mod-
ified calcium phosphate is a simple, rapid and inexpensive choice (Zhang, et al., 2003).  
In calcium phosphate transfection, negatively charged DNA molecules interact with 
the calcium phosphate and form fine precipitate complexes.  Once the complexes at-
tach onto the cell’s surface, they can be internalized by endocytosis.  
Fluorescent imaging-based neuronal studies currently face a big challenge of 
cross-transfection particularly for molecules such as actins and cadherins that are 
found at both pre- and post-synaptic terminals.  It would be of great advantage to be 
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able to separately tag proteins in the pre- and post-synaptic terminals with different 
fluorescent markers and observe the dynamics of these proteins in living cells.  How-
ever, traditional cell culture techniques cannot fulfill this task because all cells are 
immersed in the same culture media so that it is difficult, if not impossible, to treat a 
selected group of cells without affecting the entire culture.  The compartmentalization 
technique (Campenot, 1977; Ravula, et al., 2007; Taylor, et al., 2005) could potential-
ly solve the problem; however, in all published literature, different compartments were 
always in communication in a certain way and a volume of culture media or transfec-
tion reagents, though small, could transfer from one chamber to the other, leading to 
cross-transfection.  Recently, Taylor et al. (Taylor, et al., 2010) demonstrated that they 
could infect neurons in the pre- and post-synaptic chambers separately with green flu-
orescent protein (GFP) and red fluorescent protein (RFP) by Sindbis virus using a 
multi-inlet microfluidic system.  However, this device required three pumps to func-
tion well.  Moreover, the synapses were formed in long (900 µm) and slim micro-
grooves, making it difficult to study synapse formation at the primary sites. 
 
2.1.2   Glia and their roles in the nervous system 
Glia are important cells in the nervous system, which do not fire action poten-
tial as neurons.  About 90% of the human brain consists of glia which play crucial 
roles in the nervous system (Allen and Barres, 2009).  Traditionally, glia are thought 
to support neurons and maintain their proper function.  In the CNS, for example, oli-
godendrocytes enwrap axons and speed up the electrical communication.  Astrocytes 
associate neurons with blood vessels and then regulate the blood supply.  As neuronal 
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activities increase, astrocytes send signals to blood vessels to boost blood flow.  As-
trocytes also remove excess ions and recycle neurotransmitters to maintain homeosta-
sis in the brain.  Recently, it was discovered that glia also played an active role in 
brain function.  Studies showed that astrocytes could release transmitters that mod-
ulated neuronal excitability and synaptic transmission (Haydon, 2001; Volterra and 
Meldolesi, 2005).  Moreover, astrocytes are also critical in synapse development, aid-
ing synapse formation and elimination (Allen and Barres, 2005; Pfrieger, 2002).  So-
luble factors released by glia, such as cholesterol, promote synapse development 
(Mauch, et al., 2001).  Direct intercellular contacts, such as integrin-mediated astro-
cyte-neuron contacts, was found to enhance synaptic formation (Hama, et al., 2004).  
In addition, glia were thought to be responsible for the elimination of synapses to re-
fine the neural circuits.  To provide insights into both glia-neuron interactions and the 
roles of glia in the activity of neuronal networks, it is essential to co-culture glia and 
neurons together and study the effects of glia on neuronal activities. 
 
2.2   Microfluidic Platform Design and Fabrication 
The microfluidic co-culture platform (Fig. 2.1(a)) is composed of two layers of 
PDMS.  The first PDMS layer includes two cell culture chambers which are connected 
by an array of microgrooves.  The second PDMS layer, defining a control chamber, is 
aligned and bonded on the top of the first layer.  Each cell culture chamber is con-
nected to an upstream well and a downstream well through two microchannels.  One 
Pyrex cloning cylinder is attached to each upstream well as the liquid medium reser-
voir.  The pressure difference between the reservoir and the downstream (waste) well 
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generates a continuous fluid flow in each chamber, which is used to load cells into the 
chambers and to provide nutrition to the cells.  This passive pumping method (Walker 
and Beebe, 2002) allows the whole microfluidic co-culture platform to be placed into 
a Petri dish so that potential contaminations from additional external instruments such 
as tubing and syringe pumps are avoided.  
  
Figure 2.1: The design and operation mechanism of the co-culture platform for cell-
cell interaction studies.  (a) A picture of a fabricated device. Note that the entire de-
vice is compact enough to be placed inside a traditional 75-mm diameter Petri dish.    
(b,c) Schematic diagrams showing the working mechanism of the platform.  If no 
pressure is applied to the control chamber, the two cell culture chambers are connected 
by an array of microgrooves in the barrier (b).  When sufficient pressure is applied to 
the control chamber, the microgrooves are sealed and the two cell culture chambers 
are isolated from each other effectively (c). 
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Communication between the two cell culture chambers is regulated by the 
pressure inside the control chamber.  If the control chamber is not pressurized (having 
ambient pressure), the microgroove array connecting the two chambers is open and 
culture media can flow and/or perfuse through the connecting microgrooves (Fig. 
2.1(b)).  However, if adequate pressure is applied to the control chamber by injecting 
air using a syringe through the microbore tube, the connecting microgrooves are 
squeezed and then sealed, which effectively isolates the two cell culture chambers 
from each other (Fig. 2.1(c)).  Under this state, treatment can be applied to cells in one 
chamber without affecting those in the other chamber.  Once the pressure in the con-
trol chamber is released, the microgrooves are recovered so that the two cell culture 
chambers are connected to each other again. 
The microfluidic platforms were fabricated by soft-lithography techniques us-
ing replica molding (McDonald and Whitesides, 2002; Xia and Whitesides, 1998). 
The fabrication process is depicted in Fig. 2.2.  The master for the first PDMS layer 
consisted of two layers of negative-type photoresist SU-8 (Microchem, Newton, MA) 
(Fig. 2.2(a)).  Two transparency masks with a 20,000 dpi resolution were generated by 
a high-resolution printer (Cad/Art Services, Bandon, OR).  The SU-8 2005 photoresist 
was first spun on a silicon wafer at a rate of 3000 rpm to coat the wafer with a thick-
ness of roughly 5 μm.  The silicon wafer was then soft baked, exposed through the 
first transparency mask, and developed to generate an array of photoresist lines (Fig. 
2.2(a-i). The line dimensions were: width = 100 μm, length = 1 mm, and spacing = 
200 μm) corresponding to the microgrooves.  After cured at 95oC for 20 min, the sili-
con wafer was spin-coated with approximately 100 μm thick SU-8 2050 photoresist at 
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a spinning speed of 1650 rpm.  The silicon wafer was then soft baked and exposed 
through the second transparency mask which defined the cell culture chambers, the 
connecting channels (width = 200 μm), and wells.  Since the pre-patterned thin array 
of photoresist lines (1 mm) were much longer than the spacing between the two cell 
culture chambers (20 – 200 µm), alignment was readily achieved through manual ma-
nipulation.  The master for the first PDMS layer was finished with developing process 
and hard baking (Fig. 2.2(a-ii)).  The master for the second PDMS layer was simply 
obtained by attaching a slab of glass (dimensions: width = 4 mm, length = 12 mm, and 
height = 1 mm) to a silicon wafer (Fig. 2.2(b-i)).  A prepolymer of PDMS solution 
(Sylgard 184, Dow Corning, MI) was mixed with the curing agent at a 15:1 ratio and 
poured over the two mold masters.  Spacers were used to make sure the thickness of 
the first PDMS layer to be 1 mm and the second layer to be 3 mm.  Then the PDMS 
was degassed for 1 h and cured at 70oC for another 2 h (Fig. 2.2(a-iii) and 2.2(b-ii)). 
Before bonding, thin coverslips (No. 1, VWR Vista Vision, Suwanee, GA) 
were washed for 36 h with 15.8 N nitric acid and rinsed four times with DI water.  Af-
ter the solidified layers of PDMS were peeled from their masters, holes were punched 
using sharp punchers (Fig. 2.2(a-iv) and 2.2(b-iii)).  The first PDMS layer was bonded 
to the acid-washed glass coverslip after the surfaces were treated with oxygen plasma, 
after which the second PDMS layer was manually aligned and bonded on the top of 
the first layer.  Two Pyrex cloning cylinders (Fisher Scientific, Pittsburgh, PA) were 
attached to the loading wells as reservoirs for culture media and a microbore tube 
(Cole-Parmer, Vermon Hills, IL) was attached to the control chamber by gluing with 
liquid PDMS.  The entire device was finally placed in an oven for 1 h at 75oC to cure.   
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Figure 2.2: Schematics of the fabrication process. (a) Fabrication process of the first 
PDMS layer. (a-i) An array of SU-8 lines was patterned on a silicon wafer. (a-ii) The 
second layer of SU-8 was aligned and patterned to define the culture chambers and 
connecting microchannels, and wells. (a-iii) A prepolymer of PDMS was mixed with 
the curing agent and then poured over the mold. (a-iv) The solidified PDMS was 
peeled from the master and holes were punched.  (b) Fabrication process of the second 
PDMS layer. (b-i) The mold was obtained by attaching a slab of glass onto a silicon 
wafer. (b-ii, iii) The following replica molding steps similar to those for the first 
PDMS layer. (c) A schematic of the final assembled microfluidic platform. 
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During curing, approximately 200 μl of sterilized deionized (DI) water was 
loaded into each reservoir to keep the microchannels filled, maintaining a constant 
flow in the channels to retain the hydrophilic nature of the PDMS channels.  The mi-
crofluidic device was then sterilized under UV light in a tissue culture hood for 1-2 h 
before it was ready for use. 
 
2.3   Device Characterization 
2.3.1   Valve performance 
 Microvalves are one of the basic fundamental components in microfluidic de-
vices, which have been used to control fluid flow (Abate and Weitz, 2008; Oh and 
Ahn, 2006; Studer, et al., 2004a; Unger, et al., 2000) or help to sort and trap cells 
(Irimia and Toner, 2006; Studer, et al., 2004b).  Here we used an integrated mechani-
cal valve to actively control the interaction between two adjacent cell populations.  A 
pressure change in the control chamber was accomplished by injecting air (a pneumat-
ic valve) or water (a hydraulic valve) through the microbore tube using a syringe.  
Characterization showed that pneumatic valves could successfully separate the two 
adjacent chambers for 4-6 hours while hydraulic valves could work for more than one 
week.  This is because PDMS is a gas permeable material (Houston, et al., 2002; 
Merker, et al., 2000), which allows air to slowly leak through overtime. The leakage 
reduced the pressure in the air chamber continuously and eventually led to connection 
between the two cell co-culture chambers. Pneumatic control is easier to implement 
than hydraulic control because any air bubbles in the control chamber have to be care-
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fully removed in the water injection process for the hydraulic valve to be effective 
over a long period of time.   
 
Figure 2.3: Computational model of the mechanical valve. 
 
In order to gain insight into the microfluidic valve design, numerical simula-
tions were performed using the finite element method (Ansys, Canonsburg, PA).  The 
PDMS was modeled as a linear elastic material with a Poisson’s ratio of 0.45 (Sasoglu, 
et al., 2007).  Its Young’s modulus depends on both the agent-to-base ratio and the 
baking time (Armani, et al., 1999; Fuard, et al., 2008; Lotters, et al., 1997).  In the 
modeling two values of the Young’s modulus (G), 5.5×105 Pa and 3.6×105 Pa were 
used, respectively, which correspond to the agent-to-base ratio of 1:12 and 1:15.  Con-
sidering the periodically repeating nature of the microchannel array, only one micro-
groove was modeled as shown in Fig. 2.3.  There were two computational domains: a 
layer of PDMS (domain 1) sat on a slab of glass (domain 2).  The bottom boundary of 
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the glass was fixed and a uniform pressure was applied on the top of the PDMS.  Peri-
odic boundary conditions were used on the left and right hand sides of the computa-
tional domains.  Frictionless contact pairs were enforced between the bottom surface 
of the PDMS and upper surface of the glass. 
The performance of the valve also depends on the thickness of the first PDMS 
layer. A PDMS membrane will become more flexible as its thickness decreases 
(Thangawng, et al., 2007).  But there is a technical limitation to integrate an ultra-thin 
layer of PDMS in the cell culture platform.  In the real device, the thickness of the first 
PDMS layer was about 1 mm.  In simulations, however, a 200 μm thick computing 
geometry for PDMS was chosen to save the computational resources.  Since the effect 
of PDMS thickness becomes notable as its thickness becomes comparable with the 
height of the microgroove, the 200 μm thick computing domain (40 times the height of 
the microgroove (5 μm)) was a reasonable choice. Based on the computational results, 
the shape change on the top was trivial in the overall deformation (Figs. 2.4 and 2.5). 
The computational results of the deformed configurations at different actuation 
pressures are shown in Figs. 2.4 and 2.5.  As predicted, a lower actuation pressure is 
required for more flexible PDMS.  However, the valve cannot be completely closed 
for a microgroove having a rectangular cross-section.  There always exists a deformed 
triangle hole at each vertical side of the microgroove (Fig. 2.4(b) and Fig. 2.5(b)).  At 
the actuation pressure of 50 kPa, for example, the side and bottom edges of the trian-
gle hole are 3 μm × 12 μm for the PDMS of an agent-to-base ratio of 1:12 and 2.5 μm 
× 7 μm for the PDMS of an agent-to-base ratio of 1:15.  A higher actuation pressure 
will help to reduce the sizes of these holes.  For example, for the PDMS of an agent-
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to-base ratio of 1:15, the size of hole shrinks to 1 μm × 2 μm at a pressure of 100 kPa 
(Fig. 2.5(b)).  However, limitation exists for the maximum pressure applied to the con-
trol chamber due to the bonding strength between the two layers of PDMS and the 
mechanical strength of the base coverslip. 
 
  
Figure 2.4: Computational results of the deformed configurations at different actua-
tion pressures for the PDMS’s agent-to-base ratio of 1:12 (G=5.5×105 Pa). 
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Figure 2.5: Computational results of the deformed configurations at different actua-
tion pressures for the PDMS’s agent-to-base ratio of 1:15 (G=3.6×105 Pa). 
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Figure 2.6: Computational results of the deformed configurations of microgrooves 
with sloped side walls. 
 
 
 
Figure 2.7: Fluorescent images after one chamber was filled with FITC. (a) The valve 
was activated and no fluorescent dye was detected in the adjacent chamber. (b) After 
the air was released from the control chamber, the FITC appeared in the other side. 
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In practice, the pressure inside the control chamber that can be achieved is 
about 30~50 kPa while the valve is activated.  To reduce the size of the hole and ob-
tain a better sealing, tapered SU-8 structures were fabricated using the overexposure 
technique (Chang, et al., 2007).  Instead of the recommended dosage of 100 mJ/cm2 
by Microchem®, a dosage of 1,500 mJ/cm2 was used to pattern the array of photores-
ist lines (the step shown in Fig. 2.2(a-i)) resulting in microgrooves with sloped side 
walls.  Figure 2.6 shows the computational results of the deformed configurations of 
microgrooves with sloped walls, whose slope angle is 45o.  At the actuation pressure 
of 50 kPa, the side and bottom edges of the triangle hole are reduced to 1.6 μm × 7.5 
μm for the PDMS of an agent-to-base ratio of 1:12 and 1.1 μm × 7.5 μm for the PDMS 
of an agent-to-base ratio of 1:15. 
Even though the numerical simulation results show that there always exists 
small residue connections between the two chambers through the corners of squeezed 
microgrooves, the squeezed channels are of much reduced dimension and can effec-
tively block the exchange of media between the two chambers (avoiding cross trans-
fection and cell migration).  To experimentally determine how well the valve sepa-
rated the two cell culture chambers, we pressurized the control chamber and added 
fluorescent isothiocyanate (FITC) (Thermo Fisher Scientific, Rockford, IL), which is 
soluble in DI water at a concentration of less than 0.1 mg/ml, into one chamber.  FITC 
was not detected in the other chamber after 4 h, indicating that the barrier valve effec-
tively separated the two chambers (Fig. 2.7(a)).  In contrast, after the pressure in the 
control chamber was released and the microgrooves were recovered, FITC quickly 
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perfused into the adjacent cell culture chamber, indicating significant liquid exchange 
between the two chambers (Fig. 2.7(b)). 
 
2.3.2   Flow field 
 Because of the small size of the microfluidic channels, the Reynolds number is 
low and the flow is laminar in nature.  If a hydrostatic pressure gradient is applied 
along the microchannel, a Poiseuille-type flow is generated, which is characterized by 
a parabolic velocity profile.  To distribute the nutrition more evenly and to promote 
media exchange between the two chambers, several PDMS semi-lunar shaped suppor-
ters (shown in Fig. 2.1(a)) were fabricated in each cell culture chamber.  In addition, 
these supporters prevent large deformation of the roofs of the cell culture chambers 
when the control chamber is pressurized, which can be detrimental to cells. To better 
understand the flow characteristics inside the cell chamber, the flow fields were simu-
lated using Fluent (Ansys, Canonsburg, PA), a computational fluid dynamics (CFD) 
software. 
In the modeling, the chamber dimensions were taken as the same as those of 
the real culture device, which were 800 µm wide, 6.4 mm long and 100 µm high.  The 
inlet condition was set as a constant volume flow rate of 1.2 µL/min (corresponding to 
an average velocity of 1 mm/s).  Non-slip boundary conditions were applied at the 
walls.  The simulations were three dimensional.  Figure 2.8 plots the velocity magni-
tude at a slice 10 μm above the bottom surface.  Comparing the two velocity fields, it 
can be seen that the velocity near the bottom surface is enhanced by these semi-lunar 
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shaped supporters.  Asymmetric supporters also enhance the convection near the 
grooves, increasing the flow exchange between the two cell chambers.  
 
 
Figure 2.8: Simulation results of the velocity profiles in the cell culture chambers 
without (a) and with (b) asymmetric semi-lunar shaped supporters.  
 
2.3.3   Passive pump 
Even though flow generated by a syringe pump or an electroosmotic pump 
could have a better control with more accurate, stable, and adjustable volumetric flow 
rates, utilization of these pumping methods introduces external equipment and connec-
tions that are generally much larger. It renders the whole set-up incompatible with 
30 
conventional cell culture incubators unless special accommodations are implemented.  
The required extra effort usually hinders the widespread acceptance of these micro-
fluidic platforms by the biological community. A simpler pumping method, therefore, 
can be very beneficial.  In our microfluidic platform, Pyrex cloning cylinders were at-
tached to the upstream wells as the liquid media reservoirs and the pressure difference 
between the reservoirs and the waste wells generated a continuous fluid flow through 
the microchannels and chambers.  This usage of the passive pumping method (Walker 
and Beebe, 2002) ensured that the whole device was compact enough to be placed into 
a Petri dish and avoided potential contaminations from external instruments such as 
syringe pumps.   
Precise prediction of the flow rate induced by passive pumping as a function of 
time is complicated because quite a few factors affect the flow rate collectively.  These 
factors include the height of the liquid column in the media reservoirs and waste wells, 
surface wetting properties, air/liquid meniscus shapes, and evaporation, which are all 
functions of time and/or external environmental conditions.  In fact, this inherent limi-
tation of the passive pumping mechanism was one of the reasons why we chose to in-
troduce the valve barrier to actively separate two chambers because it was very diffi-
cult to precisely balance the pressure of the two chambers over time to avoid the 
transverse flow between the two cell chambers. In the cell co-culture platform the flow 
rate changes over time, which is determined primarily by the menisci and the amount 
of liquid in the loading and waste reservoirs (Lynn, et al., 2009).  Estimations of the 
pressure difference between the loading and waste wells for some ideal situations are 
discussed as follows.   
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Figure 2.9(a) shows a configuration where the meniscus in the waste well is 
incomplete, corresponding to the case right after the liquid in the waste well is re-
moved.  The pressure difference across the microchannel in this case is largest and can 
be expressed as (Lynn and Dandy, 2009) 
Aܲ െ PB ൌ ߛ ቀୡ୭ୱ ఏB௛ ൅
ଵ
ோB െ
ଶ ୡ୭ୱ ఏA
ோA ቁ ൅ ߩ݃ܪ,   (2.1) 
where γ is the surface tension between the liquid and air, θ is the contact angle, R is 
the radii of the reservoir, h is the height of the meniscus and H is the height difference 
between the loading and waste wells.  The subscribe A and B represents the loading 
and waste wells, respectively.  As the flow continues, the liquid volume in the waste 
well increases and the meniscus there becomes complete as shown in Fig. 2.9(b).  For 
the complete meniscus, the pressure difference can be evaluated as 
Aܲ െ Bܲ ൌ 2ߛ ቀୡ୭ୱ ఏBோB െ
ୡ୭ୱ ఏA
ோA ቁ ൅ ߩ݃ܪ.   (2.2) 
 
Figure 2.9: Schematics of the menisci to estimate the flow rate. 
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In one design of the microfluidic platform, for example, the reservoirs have the 
size of RA = 4 mm and RB = 2.5 mm, respectively.  An approximate estimation of the 
flow rate at one time point is as follows.  The surface tension is taken as γ = 70 mN/m 
and the contact angles are assumed to be the same for the glass and PDMS surface as 
θA = θB = 30o.  It is worth noting that after plasma treatment the PDMS surface be-
comes hydrophilic and the contact angle can be as small as 10o for water-air interface.  
However, its wettability changes over time and the contact angle can increase up to 
110o, which means that PDMS recovers its hydrophobic nature.  The height of the in-
complete meniscus can be taken as h = 0.1 mm and the initial height difference is tak-
en as H = 5 mm.  Under these conditions, the pressure difference between the inlet and 
outlet will be about 1,119 Pa.  This will generate an average flow velocity of 0.5 mm/s 
in the microchannels, corresponding to a volumetric flow rate of 0.6 µL/min in the mi-
crofluidic devices (The geometry of each chamber is the same as described in the pre-
vious section; the length, width and height of each channel is 12 mm, 200 μm and 100 
μm, respectively). 
If the waste well has a complete meniscus (Fig. 2.9(b)), the flow velocity will 
be much reduced because the curvature of the interface is much smaller.  Note that 
there still exists a continuous flow with an average velocity of 7.7 µm/s in the micro-
channel (9.2 nl/min in flow rate) even if the surface heights are the same for the inlet 
and outlet reservoirs (H = 0), as a result of the different size of the reservoirs.  Every 1 
mm height difference will contribute an additional velocity of approximately 4 µm/s 
(4.8 nl/min) in the microchannels.  In our experiment, we found that even this low 
flow rate could provide enough fresh media exchange for cells to remain healthy.  
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2.4   Neuronal Study Results 
2.4.1   Synapse formation  
For synapse formation study, the microfluidic platform was first UV sterilized 
and then coated with poly-L-lysine (PLL) (Sigma-Aldrich, St. Louis, MO) by flowing 
1 mg/ml PLL through the chambers for 12 h at 37oC.  To remove excess uncoated 
PLL, the chambers were washed with sterilized DI water for at least 1 h at 37oC.  The 
chambers were then washed with B27 supplemented Neurobasal™ media (GIBCO™ 
Invitrogen, Carlsbad, CA) containing L-glutamate to equilibrate the cell chambers.  
Following coating and washing, dissociated rat hippocampal neurons, which were iso-
lated from E19 rat embryos, were re-suspended in B27 Neurobasal™ media at a densi-
ty of 5,000 cells per microliter of media and loaded into each of the loading reservoirs 
by adding 15-20 µl of neuron suspension into the wells (Fig. 2.10(a)).  The microflui-
dic platform was then placed in a cell culture incubator with 5% CO2 for 2-3 h at 37oC 
to allow neurons to attach to the PLL-coated glass coverslip.  When cells had visibly 
attached to the surface, approximately 300 μl of culture media was added to one load-
ing reservoir and half of this volume was added to the other loading reservoir.  This 
allows for sufficient flow rate through the microgrooves between the two chambers.  
Every 36-48 h, neurons were supplied with fresh B27 NeurobasalTM media, which was 
conditioned over a monolayer of glial cells. At this time, the media were also aspirated 
from the waste wells.  Neuronal culture can be maintained in this manner for at least 
several weeks. 
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Figure 2.10: Schematics of cell loading and separate transfection. 
 
Three days later the valve barrier was pushed down pneumatically to separate 
the two chambers.  Neurons in the two chambers were subsequently transfected with 
different cDNA solutions for approximately 1.5 h using a modified calcium phosphate 
method (Zhang, et al., 2003).  After the two chambers were isolated by injecting air 
into the control chamber, the transfection solution containing different cDNAs, one 
encoding GFP (green) and the other m-Cherry (red) fluorescent protein, were loaded 
into the two reservoir cylinders (Fig. 2.10(b)).  The cDNA-calcium phosphate precipi-
tates were introduced into the respective chambers by continuous flow and some com-
plexes were observed to attach onto the cell body surface, which was expected for a 
successful transfection.  Since we found that a low, compared to a high flow rate led to 
an improvement in transfection efficiency, we added a drop of culture media into each 
waste well 10-15 min after loading the transfection solution to reduce the flow rate.  
The procedure consistently led to an approximately 40% transfection efficiency, which 
was significantly higher than the efficiency that we achieved on traditional culture 
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plates under identical experimental conditions (as shown in Fig. 2.13).  The chambers 
were then incubated with the transfection mixture for 1-1.5 h at 37oC.  After transfec-
tion, the DNA-calcium phosphate complexes were washed off and fresh culture media 
were filled into the loading reservoirs.  A slight negative pressure was applied to the 
control chamber to release the valve barrier, allowing for neuronal processes from 
neurons in one chamber to contact neuronal processes from neurons in the other 
chamber.  
When transfected neurons in each chamber were visualized by fluorescent mi-
croscopy, expression of the fluorescent proteins, GFP (green) and mCherry (red), was 
observed.  Importantly, expression of mCherry was confined to the culture chamber 
that received the mCherry cDNA transfection solution and was not seen in the adja-
cent chamber; similar results were obtained with GFP.  This indicated that the pneu-
matic valve successfully isolated the chambers and prevented transverse flow between 
the two chambers.  Neurons with different fluorescent markers were observed to ex-
tend processes toward the opposite chamber.  Neuronal processes (axons and den-
drites) appeared to interact with each other across the two chambers (Fig. 2.11(a)).  To 
show that neurons formed synapses, cells in the device were immunostained for the 
SV2 (vesicle protein 2).  A high-resolution image shows that the neuronal contacts did 
form synapses as indicated by the presence of SV2 clusters (Fig. 2.11(b), yellow). 
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Figure 2.11: Images of neuronal processes in microfluidic chambers. (a) Neurons in 
one chamber expressed mCherry and neurons in the other chamber expressed GFP. (b) 
A high-magnification image of the boxed region in (a) after the neurons were immu-
nostained for the synaptic marker SV2 (yellow). (c) A high-magnification image of the 
contact region.  (d) Zoom-in view of boxed region in (c). (e) Time lapse images show 
a synapse forming (yellow puncta, arrowhead).  Arrows in these images point to syn-
apses. Because one terminal is green and the other is red, there will be a yellow spot 
when the two colors approach to each other 
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To demonstrate the capability of dynamic observation of synapse formation, 
neurons in the two chambers were transfected to express fluorescently tagged pre-and 
post-synaptic proteins, mCherry-synaptophysin and GFP-post-synaptic density pro-
tein-95 (GFP-PSD-95), respectively.  We then mounted the microfluidic platform onto 
the confocal microscope to exam the neuronal process.  The microfluidic chambers 
were maintained at 37oC under humidified conditions.  Confocal microscopy was per-
formed on Quorum WaveFX spinning disk confocal system attached to a Nikon Ec-
lipse Ti microscope with a PlanApo 60X TIRF objective (NA 1.49).  Examination re-
sults did show that neuronal processes from the two chambers contact each other to 
form synapses, as shown in Fig. 2.11 (c) and (d).  We then perform live-cell imaging, 
which lasted 12 hours with 4 min intervals.  As shown in Fig. 2.11(e), we imaged a 
neuron expressing mCherry-synaptophysin forming a synapse with a GFP-PSD-95 
expressing neuron, suggesting that we can dynamically image synapse formation using 
these platforms.  This ability will allow us to study the functions of various molecules 
that are considered important to CNS synapse formation. 
 
2.4.2   Side-by-side neuron-glia co-culture 
In the brain, the complex interdependency between neurons and glia is essen-
tial for the growth, development, differentiation, and functionality of these cells (Bains 
and Oliet, 2007; Pfrieger, 2009).  An obstacle for studying neuron-glia interactions is 
the lack of available methods that can provide a controlled environment to fostering 
communication between these two cell types.  The microfluidic platform could func-
tion in this capacity because it allows for culture of different cell populations with 
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their respective optimal microenvironment as required for glia and neurons.  For ex-
ample, glial cells are typically grown on laminin- or collagen-coated surfaces with se-
rum containing minimal growth media while neurons are attached to PLL and require 
different growth media.   
To set up co-cultures, the two chambers were first isolated using the hydraulic 
valve.  The neuronal chamber was coated with PLL as described above.  The glial 
chamber was coated with 10 µg/ml type I collagen (BD Biosciences, San Jose, CA) 
for 12 h at 37oC.  After coating, excess PLL and collagen were washed away by steri-
lized DI water.  The glia were isolated from the brains of post-natal day 2 pups (Goslin, 
et al., 1998).  Approximately 30,000 glia in 75 µl of Minimum Essential Medium 
(MEM) (Invitrogen, Carlsbad, CA), containing 10% horse serum and penicil-
lin/streptomycin (Invitrogen, Carlsbad, CA), were first loaded into the glial chamber.  
After maintaining the culture for 2-3 days, glial cells typically reached 80% conflu-
ence, which was sufficient to support the growth of neurons.  Then the neurons were 
isolated and loaded as described in section 2.4.1.  After the neurons attached and 
spread, the two chambers were connected (Fig. 2.12(a)).  Fresh neuronal media was 
added to the reservoir for both the glial (300 µl) and the neuronal (100 µl) chambers.  
The culture media level of the glial side was kept higher than that of the neuronal side 
to introduce a media flow from the glial chamber to the neuronal chamber.   
In the absence of glial cells or glia-conditioned media, neurons were not 
healthy and could not survive for more than a week.  In the co-culture platform, how-
ever, cells in both chambers were kept healthy and viable for the entire duration of our 
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experiments (more than 3 weeks), indicating that glial cells provide necessary nu-
trients for neuronal survival (Fig. 2.12 (b-d)). 
 
 
Figure 2.12: Co-culture of neurons and glia in the microfluidic platform.  (a) A sche-
matic showing the co-culture of neurons and glia.  (b) Images of neurons and glia.  
(c,d) higher magnification images of glia and neuron culture.  (e) A fluorescent image 
(left) and fluorescent/phase overlay (right) of neurons expressing mCherry. 
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Figure 2.13: Transfection efficiencies for neurons cultured in traditional culture plates 
and in microfluidic platforms containing neuron-neuron and neuron-glia cultures. Er-
ror bars represent S.E.M. for 30-40 neurons from three separate experiments(*p < 
0.0001; **p < 0.001). 
 
Transfection of neurons in the co-culture chambers was also performed to 
demonstrate the feasibility of these experiments and as an additional index of the 
health of neurons since unhealthy neurons are difficult to survive during transfection.  
After transfection, neurons were healthy and extended axons and dendrites from the 
cell bodies, which in some cases crossed the barrier and grew into the adjacent cham-
ber of glial cells (Fig. 2.12(e)). The transfection efficiency is proportional to the 
cDNA number inserted inside the neuron’s body with the precipitate complexes (Shin, 
et al., 2009).  The slight flow would continuously bring new precipitate complexes to 
the neuron’s surface and then increase the cDNA intake rate.  But the flow rate should 
not be too large so that the complexes are washed away.  Therefore, we added a drop 
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of culture media into each waste well 10-15 min after loading the transfection solution 
to reduce the flow.  After neurons were transfected to express GFP or mCherry, the 
results show that the transfection efficiencies were increased in both the microfluidic 
chambers than the conventional culture plate which has stationary environment during 
transfection (Fig. 2.13).  In addition, the transfection efficiency was approximately 
60% in the glia-neuron co-cultures, which most likely reflected the improved health of 
neurons when co-cultured with glial cells.   
Collectively, these results show that neurons in the co-culture system are 
healthy and can be consistently transfected with high efficiency.  Conditioned media 
contain undefined molecular components having long and short half-lives.  Some 
components may degrade rapidly.  For example, the half-life of neurotensin was 
measured as only 180 s with pleural cells (Cochrane, et al., 1991).  Because the culture 
media flow from the glial to the neuronal chamber directly, this side-by-side co-
culture system can conserve those fast degrading component secreted by glia. There-
fore, neurons in this co-culture configuration are supposed to grow healthier. In addi-
tion, the integrated valve can isolate the two chambers.  Individual treatment on one 
side will not affect the other side.  We already took this advantage of the design to 
coat their respective optimal substrate molecules on each side and during transfection 
of neurons. 
 
2.4.3   Quad-chamber side-by-side neuron-glia co-culture 
The presented microfluidic platform provides a novel platform for studying 
neuron-glia interactions in the nervous system under physiologically relevant condi-
42 
tions. Because these neurons in the co-culture system are healthier and can be consis-
tently transfected with higher efficiency, the microfluidic platform was modified to 
study synapse formations in the presentence of glia. As shown in Fig. 2.14, there are 
four cell chambers in the new and modified co-culture platform. The two inner cell 
chambers are used to culture neurons. The outside chambers adjacent to each of the 
neuronal chambers are used to grow glial cells to support the growth of the neurons. 
The four cell chambers are separated by three PDMS barriers under which micro-
grooves connected the respective two adjacent chambers (similar to the one shown in 
Fig. 2.1). The open and close status of the microgrooves are modulated by a common 
control chamber. Once adequate pressure is applied to the control chamber, the micro-
grooves are squeezed and each cell chamber is isolated from others.    
 
 
Figure 2.14: Schematic of the quad-chamber side-by-side neurons-glia co-culture. 
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Figure 2.15: Fluorescent images of cells in the quad-chamber co-culture system. Neu-
rons were transfected to express GFP and mCherry-synaptophysin in each neuronal 
chamber and Glial cells were stained by GFAP (Glial specific fibrillar acidic protein).   
 
The neurons and the glial cells were cultured using a combination of protocols 
described in the sections 2.4.1 and 2.4.2. In brief, the cell chambers were first isolated 
by applying a hydraulic pressure to the control chamber. The two glial chambers were 
coated with type I collagen while the two neuron chambers were coated with PLL. Af-
ter coating, excess collagen and PLL were washed with sterile PBS or water.  Subse-
quently, the glial chambers were equilibrated with glial media.  The isolated and 
thawed glial cells (30,000 cells per chamber) were loaded into the glial chambers as 
described previously in section 2.4.2. After the glial cells reached 80-90% confluence 
after 2-3 days in culture, the neurons were isolated and loaded into the neuronal cham-
bers that were previously equilibrated with neuronal B27 media. Subsequently, the 
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liquid was released from the control chamber.  Before releasing the control chamber 
pressure, all media from the glial and the neuronal chambers were removed by aspira-
tion.  The reservoirs that provided media to the glial chambers were filled with 500 µl 
of fresh B27 Neurobasal media.  The reservoirs connected to the neuronal chambers 
were filled with 250 µl of B27 Neurobasal media. The culture media were added in 
each reservoir in this way such that there was a continuous flow of media from the gli-
al chambers to the neuronal chambers through the microgrooves resulting in conti-
nuous supply of freshly glial-conditioned media to the neuronal cells.  The media col-
lected in the waste reservoirs were removed and the media reservoirs were replenished 
with the fresh media every 36-48 hours. 
The four chambers were separated by three vale barriers, which were regulated 
by a common control chamber. Transfection could individually be conducted to the 
cells in each chamber as shown in Fig. 2.15. For transfection of neurons, for example, 
the control chambers were re-pressurized to squeeze shut in order to separate the cell 
chambers at day 3 after loading neurons in culture. Neurons in the two inner chambers 
were transfected with different cDNA solutions as described in section 2.4.1. When 
transfected neurons were visualized by fluorescent microscopy, synapse formations 
were shown to increase in the co-culture system, which will be discussed in the fol-
lowing section. 
 
2.4.4   Vertically-layered neuron-glia co-culture 
In last two sections, we showed that neurons are healthier when they are 
cultured side by side with glia than when cultured alone within the glial conditioned 
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media.  In the quad-chamber side-by-side neuron-glia co-culture, the culture media 
was forced to flow through the microgrooves from the glial chamber to the neuronal 
chamber.  To observe the interactions between neuronal processes with the presence of 
glial cells, we further developed another co-culture configuration in which the glia 
were placed onto the PDMS ‘roof’ of the chamber while the neurons grew on the co-
verslip ‘floor’ as shown in Fig. 2.16.   
 
Figure 2.16: Schematic of the vertically-layered neurons-glia co-culture. 
 
This innovative co-culture configuration allows intense crosstalk between two 
cell populations, which is representative of what happens in vivo.  In the side-by-side 
configuration described in the last section, the interactions between two populations 
occur through a boundary. But the interactions and crosstalk occur through the whole 
surface in this vertically-layered configuration. In this vertically- layered design, the 
glia also receive feedback from neurons simultaneously and adjust their physiological 
responses according to the external microenvironmental conditions rapidly.  Same as 
the side-by-side configuration, this configuration allows for separate transfections of 
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two groups of neurons with pre- and post-synaptic proteins, which enables us to ob-
serve synapse formation in a microenvironment much closer to the in vivo case. 
 
 
Figure 2.17: Intense crosstalks between the two cell populations. 
 
The success of this co-culture configuration relies on the small length scale of 
the microfluidic platforms.  Because of the small Péclet number involved, the micro-
fluidic chamber is very efficient for mass transport.  For example, the diffusion coeffi-
cient of nerve growth factor (NGF) was measured as D = 126 µm2/s (Stroh, et al., 
2003).  The diffusion length (ℓ) can be simply estimated using the formula: ℓ ൌ
 ඥ2ܦݐ஽, where tD is the time of diffusion.  NGF would take about 40 s to diffuse 
across the 100 µm distance from the PDMS roof to the coverslip floor. As a result, 
molecules can reach the targets before being washed out of the chamber by the flow. 
We created a characteristic time ratio (ε) to describe this effect, which is the ratio of 
convection to diffusion,  
ߝ ൌ ௧ೇ௧ವ ൌ
ଶ஽௅
௎ுమ .      (2.3) 
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In the microfluidic platform, it takes about 20 - 60 min for the culture medium to flow 
through the cell culture chamber. Thus ε is in a range of 25 - 100 for NGF.  
 
 
Figure 2.18: Phase contrast images of vertically-layered neurons-glia co-culture. 
 
The devices used in the vertically-layered co-culture system were the same as 
those described in section 2.4.1.  After being sterilized, the microfluidic device was 
coated with PLL as described before.  After the chambers were equilibrated with B27 
supplemented NeurobasalTM media, approximately 30,000 glia in 75 µl of MEM sup-
plemented with 10% horse serum (both obtained from GIBCO® Carlsbad, CA) were 
loaded into both reservoirs.  Immediately after loading, the platform was flipped up-
side down and placed into an incubator to allow for glia to deposit and spread on the 
PDMS surface that was also coated with PLL.  Because only a small volume of me-
dium was added in the each reservoir, the surface tension could hold the drop.  Drip-
ping of the medium from the reservoir was not seen after the device was flipped over.  
In addition, the flow rate was fast initially because of the incomplete meniscus in the 
waste wells (shown in Fig. 2.9(a)).  We did not see glia depositing on the coverslip 
before flipping.  After 2 - 3 h, the platform was taken out of the incubator and excess 
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loading medium was removed from the reservoirs.  The platform was flipped over 
again and fresh supplemented MEM was added. Glial cells typically reached 80-90% 
confluence after 2 - 3 days as shown in Fig. 2.18(a).   
 
 
Figure 2.19: Quantification of number of spine formations and synaptic contacts in 
neurons cultured in three different microfluidic platforms. Error bars represent S.E.M. 
for neurons in three movies for neuron alone, six movies for quad-chamber side-by-
side co-culture and four moves for vertically-layered co-culture from three individual 
separate experiments. 
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In the side-by-side co-culture scheme, we tried to coat the glass surface with 
PLL alone, but the glial cells did not grow healthily.  Interestingly, the glial cells grew 
very well on the PLL-coated PDMS surface. After the glia reached 80-90% confluence, 
neurons were loaded, cultured and transfected separately in the microfluidic platform 
as described in section 2.4.1. The neurons in this co-culture configuration is shown in 
Fig. 2.18(b). 
In addition to that the neurons could be transfected with high efficiency, more 
spines and synapse contacts were found in both neuron-glia co-culture systems com-
pared with the system of neurons alone (Fig. 2.19).  Figure 2.19(a) shows the average 
number of spines (visualized by GFP alone) along 100 µm dendrite per hour from liv-
ing-cell images. More spine formation indicates healthier and more active neurons. 
Combined with higher transfection efficiency, the number of observed synaptic con-
tacts (visualized by both GFP and mCherry) also increased about 2.5 fold.  More syn-
aptic contacts shown in one field of view of the live-cell images will facilitate future 
study of synapse formations visualized by fluorescent proteins.  
In conclusion, both side-by-side culture and vertically-layered co-culture pro-
vide powerful techniques for investigating synapse formation in living cells. In the 
vertically-layered co-culture, the cellular interactions are intense and bi-directional. 
But the side-by-side co-culture allows glial cells to be separated from neurons and 
treated individually, independently of the neurons. Both co-culture configurations will 
provide opportunities for interesting investigations into the roles of glial cells in syn-
apse formation and other neuronal activities. 
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2.5   Summary 
We have constructed a valve-enabled microfluidic cell co-culture platform that 
permits separate control and manipulation of the microenvironment of different cell 
populations and allows for real-time imaging of cell-cell interactions.  Numerical si-
mulations were performed for the behaviors of the valve and the flow fields inside the 
culture chambers.  A theoretical model was developed to predict the flow rate induced 
by the passive pumping method in the platform. 
We used the platform to study synapse formations between hippocampal neu-
rons.  Results indicated that the platform provides a highly adaptable system for study-
ing dendritic spine morphology and synapse formation in the CNS.  By combining the 
platform with advanced microscopy, it is possible to measure the dynamic interactions 
of synaptic proteins in CNS spines and synapses as they develop.   
We also presented two configurations, side-by-side and vertically-layered, for 
co-culturing glial cells and neurons, which provide new opportunities for investigating 
the complex interactions between these two cell types.  The neurons are observed to be 
healthier in the presence of glia than cultured alone within glia-conditioned media, in-
dicating the complex microenvironment in the co-culture not captured from the glia-
conditioned media.   
Although the described development only enabled studies of cell-cell interac-
tions between two cell populations, the technology can be easily extended to study 
multi-cell populations in multiple chambers separated by individually controlled 
valves. Beside glia-neuron co-culture, these microfluidic co-culture techniques can be 
used to study interactions of other cell populations.  
51 
CHAPTER  3 
 
MICROFLUIDIC PLATFORMS FOR TUMOR BIOLOGY STUDIES 
 
3.1   Introduction 
A tumor is a heterogeneous and structurally complex mixture of several cell 
types within a specific ECM.  The cellular components include abnormal cells which 
define the tumor compartment itself as well as surrounding specialized cells such as 
fibroblasts, inflammatory cells, and endothelial cells (ECs) (Bhowmick and Moses, 
2005; Mueller and Fusenig, 2004).  These specialized cells and the specific type of 
ECM define a connective-tissue framework of the tumor called the tumor stroma 
(Mueller and Fusenig, 2004).  The evolving crosstalks among different cell types and 
their surrounding ECM play a crucial role in carcinogenesis (Liotta and Kohn, 2001; 
Tlsty, 2001).   
Recent work has shown that cancer-associated fibroblasts (CAFs) are impor-
tant contributors to tumor formation and progression (Bhowmick, et al., 2004b; 
Kalluri and Zeisberg, 2006; Micke and Ostman, 2004).  In fact, fibroblasts (e.g. loss of 
transforming growth factor-β (TGFβ) signaling) isolated from tumor tissue could con-
vey malignant transformation to otherwise benign epithelial cells (Bhowmick, et al., 
2004a; Kuperwasser, et al., 2004).  Another example is the cross-talk between tumor 
cells and host vasculature endothelium, which is critical in tumor growth, progression, 
and ultimate metastasis (Coleman and Ratcliffe, 2009; Kaelin, 2008).  Migration of 
both cell types is a key component of vascular recruitment through the process of an-
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giogenesis as well as transendothelial cell migration in the processes of intravasation 
and metastasis (Li, et al., 2000). 
A hurdle to dissect the respective contribution of these processes in tumor mi-
gration is the lack of appropriate co-culture platforms.  Most existing co-culture plat-
forms either mix two cell types or seed one type of cells on the confluence layer of the 
other (Bhatia, et al., 1997; Kane, et al., 2006; Samoszuk, et al., 2005).  The lack of ini-
tial spatial separation makes it difficult to interpret the nature of their interactions.  
Additionally, stromal cells and tumor cells generally require very different culture 
conditions in vitro.  In existing co-culture conditions, e.g. transwells, these cells are 
placed in a single culture environment that is sub-optimal for both cell types.  Fur-
thermore, stromal cells and tumor cells often become activated and are further mod-
ified by each other once they are cultured together.  When and where their extensive 
crosstalks occur is currently beyond control. 
 
3.2   Microfluidic Platforms with Etched Glass Slides as Substrates 
A modified version of the presented microfluidic co-culture device provides an 
effective platform to study the relationships between stromal cells and tumor cells in a 
controlled manner.  The two cell types are initially cultured in the two separate cham-
bers with their own respective optimal culture medium.  At this stage, the valve barrier 
separating these two chambers is pushed down tightly to prevent any communication 
between the two cell populations.  At a desired time point, for example, after both cell 
types achieve confluence or the tumor cells are treated by an anti-cancer therapeutic 
drug, the barrier can be lifted up to allow for crosstalks.  In this way the co-culture 
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platform acts as a powerful tool to study fundamental biological interactions between 
tumor cells and stromal cells as well as a screening tool to test the effectiveness of an-
ti-cancer drugs.   
To increase the opportunity for the two cell populations to interact with each 
other, we replaced the PDMS valve barrier with parallel microgrooves at the bottom 
with a solid PDMS barrier, which sat on an etched glass substrate to create a conti-
nuous gap between the two cell populations as shown in Fig. 3.1.  This modification, 
in addition to increase the cell-cell interaction routes, helps to completely separate the 
two cell populations when the valve barrier is pushed down since there are only two 
rounded corners at each end of the valve barrier from wet-etched region of glass slides. 
In this version of the microfluidic platform, instead of a flat glass coverslip, a 
selected area of the glass coverslip was etched using buffered hydrofluoric acid (HF) 
(Fig. 3.1(a)) to define a 1-16 m deep cell culture region.  Isotropic etching will leave 
tapered side walls (Wilson, et al., 1993).  The new version also eliminates the re-
quirement of two-step patterning for the mold of the first PDMS layer, which is now 
composed of a structure similar to that described in the last chapter without the array 
of microgrooves underneath the valve barrier.  Therefore, the two chambers in the first 
PDMS layer are separated by a PDMS valve barrier with a flat bottom surface.  Before 
bonding all surfaces except the bottom of the valve barrier and the etched region on 
the coverslip were treated with oxygen plasma.  This way, other than the contact be-
tween the valve barrier and the coverslip, the PDMS and the coverslip formed a strong 
irreversible bonding (Duffy, et al., 1998).  Similar to the working mechanism of the 
platform described in section 2.2, depending on the pressure in the control chamber, 
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the valve barrier can be either pushed down or released up (Fig. 3.1(c, d)).  In the ‘up’ 
position, the gap between the bottom of the PDMS valve barrier and the surface of the 
etched coverslip allows for interactions and communication between the two cell pop-
ulations in the two chambers (Fig. 3.1(c)).  In the ‘down’ position, the valve barrier 
effectively isolates the two chambers for separate culture or individual treatment of 
each cell population (Fig. 3.1(d)). 
 
 
Figure 3.1: Schematics of microfluidic platforms for cancer biology studies. (a) A 
schematic of the main components. (b) A picture of the assembly device with a penny 
for size comparison. (c, d) Schematic diagrams showing the valve working mechan-
ism.  When the valve is inactive, a gap under the PDMS barrier allows for interactions 
and communication between the two cell populations (c). Upon activation of the 
valve, the two cell populations are isolated and cells in the two chambers can be 
treated separately (d). 
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Characterization showed that pneumatic valves could successfully separate the 
two adjacent chambers for 4-6 h while hydraulic valves could work for more than one 
week.  This is because PDMS is a gas permeable material (Merker, et al., 2000), 
which allows air to leak through overtime; therefore the pressure in the air chamber is 
reduced gradually that leads to connection between the two chambers eventually. 
 
 
Figure 3.2: AFM images of a plain and PLL coated glass coverslip. 
 
Without the plasma treatment, the glass coverslip and the PDMS come togeth-
er and form a reversible bonding.  It is easy to remove the PDMS piece from the glass 
coverslip as desired.  During the device development, we have tried out another idea 
of bonding a PDMS construct including two separated chambers to a non-etched co-
verslip through reversible bonding.  Cells were seeded in each chamber and allowed to 
grow.  The PDMS construct could be peeled off from the coverslip at a desired time 
point, leaving the two cell populations on the substrate to interact with each other.  
However, the reversible bonding is not as tight as the irreversible one.  To be effec-
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tive, it is necessary to keep both surfaces of the coverslip and the PDMS ultra clean 
before bonding.  This requirement is in contradiction to many cell culture practices 
that needs coated surfaces to support cell growth and migration.  As shown in Fig. 3.2, 
atomic force microscopy (AFM) studies show that the surface roughness of PLL 
coated coverslips increased significantly, which prevent a good reversible bonding.  In 
addition, since the microfluidic devices are made over a thin cover glass, keeping the 
culture immersed in liquid media after the PDMS construct is removed becomes a 
challenge.  Moreover, manipulating the flow in the PDMS microchannels and cham-
bers allows us to control the microenvironment and media exchange between different 
cell populations.  In the reversible bonding approach, this important capability is lost 
after removal of the PDMS construct. 
 
3.3   Tumor angiogenesis under normoxic and hypoxic conditions 
Angiogenesis, the formation of blood vessels, is an essential step in tissue 
growth, repair and regeneration, which covers the majority of human diseases.  Angi-
ogenesis is a multistep process that includes EC proliferation, migration, and assembly 
into vascular structures followed by the recruitment of smooth muscle cells to form 
mature and functional blood vessels (Coleman and Ratcliffe, 2009; Kaelin, 2008).  
Tumor angiogenesis is an integral process in cancer development as well as tumor me-
tastasis (Haessler, et al.).  The newly formed blood vessels not only transport nutrients 
and oxygen to tumors, but also provide routes for tumor cells to spread into different 
organs during metastasis.  Tumor angiogenesis is initiated by tumor cells producing 
angiogenic growth factors, such as vascular endothelial growth factors (VEGFs), 
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which activate their cognate receptors on ECs and induces angiogenesis toward tu-
mors. 
 
Figure 3.3: Schematics of the microfluidic platforms for tumor angiogenesis studies.  
4T1 and ECs are loaded into each chamber and co-cultured for 24 hour (a), after 
which the valve barrier is released and cross-migration is assessed (b).  The schemat-
ics of the cross-section views are shown in (c) and (d). 
 
We applied the microfluidic cell co-culture platform to study the dynamic inte-
raction between tumor cells and ECs in vitro.  Since the device is on a glass slide, we 
can specifically and quantitatively modulate the microenvironment in each chamber 
and simultaneously image the kinetic changes of biological processes using real-time 
microscopy.  In control experiments, while the barrier valve was closed by hydraulic 
pressure, murine 4T1 mammary tumor cells, which stably expressed a red fluorescent 
protein (RFP-4T1), were seeded in one chamber, and human dermal microvascular 
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endothelial cells stably labeled with green fluorescent protein (GFP-HDVEC) were 
seeded in the other chamber (Fig. 3.3(a)).  Culture media (high glucose Dulbecco’s 
Modified Eagle’s Medium, (Mediatech, Inc., Herndon, VA) supplemented with 10% 
fetal bovine serum and 1% penicillin/streptomycin) were continuously flowed through 
the chamber to provide a physiological environment.  When cell density reached 
~75% confluence (after about 24 h), the valve barrier was lifted and the kinetics of cell 
migration was imaged for two additional days (Fig. 3.3(b)).  Under this condition, we 
found that cell migration was bidirectional: RFP-4T1 migrated toward GFP-HDVEC 
and GFP-HDVEC also migrated toward the tumor cells (Fig. 3.4(a, b)), indicative of 
both tumor angiogenesis and intravasation/extravasation. 
One major advantage of this device is to permit separate treatments of cells in 
each chamber, which we used to observe the effects of hypoxia on tumor angiogene-
sis.  Hypoxia is a key regulator of angiogenesis.  When tissue growth outpaces the 
growth of blood vessels the tissue becomes hypoxic.  Hypoxia upregulates a variety of 
angiogenic genes that promote angiogenesis toward tissues and restore homeostasis 
(Carmeliet, et al., 1998; Ikeda, et al., 1995; Mandriota and Pepper, 1998; Pugh and 
Ratcliffe, 2003).   
For experiments studying the effect of hypoxia, RFP-4T1 and GFP-HDVEC 
were seeded in separate chambers as previous described.  After the cells reached 
~75% confluence, 300 µM cobalt chloride (CoCl2) (Sigma, St. Louis, MO) was added 
to the tumor cell chamber for 24 h to induce hypoxia.  CoCl2 mimics hypoxia by bind-
ing to the oxygen-dependent degradation domain (ODDD) in hypoxia-inducible fac-
tor-1α (HIF-1α) (Liu, et al., 1999; Yuan, et al., 2003).  This binding prevents ubiquiti-
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nation and degradation of HIF-1α and leads to the accumulation/stabilization of HIF in 
cells.  Genes encoding proteins involved in numerous aspects of tumor cell prolifera-
tion, growth and metastasis are transcriptionally activated by HIF-1α (Bertout, et al., 
2008). HIF-1α induces production of growth factors to promote endothelial cell proli-
feration and blood vessel formation. For example, VEGF, which is a key angiogenic 
factor secreted by cancer cells, are activated by HIF-1α (Harris, 2002).   
 
Figure 3.4: The interactions of tumor cells and ECs.  To investigate the cross-
migration under normoxic and hypoxic conditions, GFP-HDVEC cells were seeded in 
the right chamber and RFP-4T1 were seeded in the left chamber and cultured with 
(c,d) or without (a,b) CoCl2 (300 µM).  Images in panels (a,b) show bidirectional cell 
migration under the normoxic condition.  Images in panels (c,d) show migration of 
endothelial cells only after hypoxic treatment of tumor cells. 
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After CoCl2 treatment, fresh media flowed through the chambers to remove 
excess CoCl2 from the system and then the two chambers were connected by releasing 
the valve barrier.  We continuously examined the kinetics of cell-cell interactions for 
two additional days.  Intriguingly, under this condition, it became a one-way traffic.  
Only migration of GFP-HDVEC toward RFP-4T1 was observed, but not the vice ver-
sa (Fig. 3.4(c, d), which was quite different from the observations we made under 
normoxic conditions.  These experiments suggested that under normoxic condition, 
both tumor cells and ECs recruit each other.  However, the hypoxic treatment of tumor 
cells suppresses their migration ability and prompts release of angiogenic growth fac-
tors to attract ECs and the process is angiogenesis only. 
 
3.4   Cross-migration of 4T1 tumor cells and ECs 
Crosstalks between tumor epithelium and host vasculature endothelium pro-
motes tumor progression in several cancer types.  However, the molecular mechan-
isms that couple receptors to migration and angiogenesis remain unclear, particularly 
cooperative signaling with and regulation of other angiogenic factors.  Ephrin and Eph 
receptors are one of key regulators of physiological and pathological processes in de-
velopment and disease (Cheng, et al., 2002).  EphA2 receptor tyrosine kinase is over-
expressed in tumor and associated tumor vasculature for several types of cancers, in-
cluding breast cancer, where they regulate proliferation, motility, and angiogenesis.  
Several studies reported that EphA2 and its primary ligand, ephrin-A1, regulate angi-
ogenesis.  For example, it has been found that ephrin-A1 stimulates ECs migration and 
assembly (Butler, et al., 2010).  
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Figure 3.5: Hypothesis of endothelial EphA2 regulates Slit2 to modulate tumor angi-
ogenesis. (a) In WT ECs, their EphA2 can be activated by ephrin-A1 ligand on adja-
cent tumor cells. Active EphA2 suppresses Slit2 expression. Reduced Slit2 levels 
permit angiogenesis and tumor growth. (b) In KO ECs, failure to respond to ephrin-A1 
increases slit2 expression.  Elevated Slit2 inhibits angiogenic remodeling and sup-
pressing tumor growth. 
 
To determine whether EphA2 regulates angiocrine function, a traditional me-
thod is to treat the tumor cells with conditioned medium (CM) derived from wild-type 
(WT) ECs or EphA2-deficient (KO) ECs.  Tumor cells were shown to form large and 
more regular spheroid colonies in WT EC CM, while those growing in KO EC CM 
produced small and more uniform colonies (Debnath, et al., 2003).  However, the 
communication between ECs and tumor cells is bi-directional.  It was hypothesized 
that EphA2 downregulates Slit2 in endothelium (Brantley-Sieders, et al., 2011).  WT 
ECs receive the ephrin-A1 ligand expressed on tumor cells through their EphA2 re-
ceptors (Fig. 3.5(a)).  Active EphA2 suppresses Slit2 expression, which promote angi-
ogenesis as well as tumor cell growth and motility.  But the KO ECs fail to respond to 
ephrin-A1 and the slit2 expression is elevated, which inhibits both EC and tumor cell 
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migration (Fig. 3.5(b)).  To test this hypothesis, we co-cultured 4T1 mammary tumor 
cell with WT or KO microvascular ECs side by side in the microfluidic platform and 
quantified the cross-migration of these cell types simultaneously.  
 
Figure 3.6: Phase contrast images of 4T1 and ECs cross-migration.  4T1 mammary 
tumor cell with WT (a) and KO ECs (b) were loaded into the co-culture chambers.  
After another 24 h the valve barrier was released.  The cross-migration of tumor cells 
and ECs was examined, which showed very different patterns (c, d). The width of the 
barrier is 100 µm. 
 
Primary microvascular ECs were isolated from wild-type or EphA2-deficient 
animals.  4T1 mouse mammary adenocarcinoma cells were purchased from American 
Type Culture Collection (ATCC, Manassas, VA).  Cell chambers were first coated 
with growth factor reduced MatrigelTM (BD Biosciences, San Jose, CA) and equili-
brated by growth media.  After the PDMS barrier was pushed down by pressurizing 
the control chamber with DI water, GFP labeled 4T1 tumor cells were loaded into one 
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chamber and CellTracker Orangel labeled ECs were loaded into the other chamber.  
After 24 hours, we replaced growth medium with starvation medium (Optimen/2% 
FCS) (Fig. 3.6).  Then the barrier was released to permit cross-migration.  After 
another 24 hours, we counted tumor cells and ECs that crossed the central valve bar-
rier in 4 independent 20× field views per devices simultaneously on the basis of cell 
morphology and differential fluorescent labeling as shown in Fig. 3.7.   
 
 
Figure 3.7: Cross migration of 4T1 and ECs. The width of the barrier is 100 µm. 
 
 
Figure 3.8: Migration results assessed by 4 independent 20× field view per device. 
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The results showed that co-culture between 4T1 and WT ECs promoted cross-
migration of both cell types.  By contrast, we found that loss of EphA2 in endothelium 
inhibits cross-migration of tumor cells and ECs (Fig. 3.8).  These data show that tumor 
cells stimulate ECs to produce angiogenic signals that modulate their growth and mo-
tility, and these signals are regulated in part by EphA2 receptor tyrosine kinase. 
 
3.5   Summary 
The valve-enabled microfluidic platform has been modified to satisfy the re-
quirement for cell cross-migration studies in cancer biology.  Instead of a barrier with 
the parallel microgrooves, a solid straight PDMS wall sits onto an etched coverslip to 
form the functional platform.  The platform allows for separate control of the cell mi-
croenvironment, treatment of selected cell populations, and observation of cell-cell 
communication between two cell populations at a desired time point.  Therefore, it can 
be used to quantify cross-migration of two cell types simultaneously. 
We demonstrated the applications of the platform through co-culture of tumor 
and endothelial cells and examined their cross-migration under normoxic and hypoxic 
conditions, reaffirming the significance of the microenvironment in biological reac-
tions.  Results showed that under normixic condition, both angiogenesis and metasta-
sis occurs while hypoxic treatment of tumor cells suppresses the migration capability 
of tumor cells and the process is angiogenesis only.  In addition, we obtained different 
cross-migration patterns mediated by different receptors and ligands, which helps to 
dissect the important functions of ephrin and Eph ligand-receptor pairs in tumor angi-
ogenesis and metastasis. 
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CHAPTER  4 
 
MICROFLUIDIC CULTURE PLATFORMS WITH PERMEABLE AND SEMI-PERMEABLE 
BARRIERS  
 
4.1   Introduction 
Cell-cell interactions occur through either direct cell-cell physical contacts or 
extracellular soluble factors.  For example, it was found that the clonogenic growth of 
human breast tumor cells were dramatically and consistently enhanced when they 
were co-cultured in direct contact with fibroblasts (Samoszuk, et al., 2005).  It would 
be extremely desirable to design a cell culture platform that has the ability to differen-
tiate between cell-cell interactions through direct physical contacts and soluble factors.  
The reported microfluidic platform, as discussed in Chapters 2 and 3, allows for cell-
cell interactions through both direct physical cellular contacts and soluble factors.  To 
extend the capabilities of the platform, a variation of the valve barrier has been de-
signed and implemented. An agarose-coupled valve barrier (ACVB) was patterned 
which prevented a miscellany of cells but allowed for communications between two 
populations through soluble factors alone. 
A molecule functions as a ligand by binding to a receptor embedded within the 
plasma membrane of the target cell.  The binding initiates a sequence of responses in 
the receiving cell.  Cells communicate with one another through a huge variety of 
extracellular soluble signaling molecules.  Chemical inhibitors are normally used for 
determining ligand’s definitive roles. However, a cocktail of inhibitors can deal with 
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multiple candidate molecules. Another method to investigate the signaling pathways is 
to inactivate the gene coding the interested ligand or receptors using modern DNA 
technology, known as gene knockout (Brantley-Sieders, et al., 2004; Wolfer, et al., 
2002).  However, gene knockout is a time-consuming and cost-prohibitive process and 
requires huge amounts of effort to conduct.  Here we have developed a simpler ap-
proach to probe the extracellular signaling pathways by further engineering the perme-
able barrier between two cell chambers to be able to selectively block the transport of 
certain type of ligands. 
To better mimic the in vivo microenvironment, it is desirable to culture cells 
and study the cellular interactions in a 3D context.  The cell-matrix interaction in a 3D 
framework mediates physiological responses that are important for cell growth, diffe-
rentiation, and survival (Bissell and Radisky, 2001; Jacks and Weinberg, 2002).  For 
example, fibroblasts cultured within a 3D ECM showed different morphology and mi-
gration patterns from those cultured on 2D surfaces (Cukierman, et al., 2001).  The 
current microfluidic platforms have the capability to accommodate both 2D and 3D 
cell cultures.  In this chapter, we also explored the potential of cell culture in a 3D ma-
trix by loading cells together with bio-gels into the microfluidic chambers. 
 
4.2   Microfluidic Platforms with An Agarose Coupled Valve Barrier 
4.2.1   Design principle 
This new design of a barrier is intended to study cell-cell interactions through 
soluble factors alone (Fig. 4.1(a)).  The ACVB is fabricated using two PDMS barriers 
that form an agarose channel after being pushed down.  The pre-gel solution of aga-
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rose is then filled into this middle channel (Fig. 4.1(b)).  After polymerization, the 
PDMS valve barriers are released into the ‘up’ position and the agarose remains at-
tached to the glass substrate and subsequently forms an agarose-coupled barrier.  This 
barrier can block transport of cells (Fig. 4.1(c)) but allows soluble signaling molecules 
to perfuse through.  In this way, the platform with an ACVB permits cell-cell interac-
tions solely through soluble factors.  In addition, by loading cells together with bio-
gels into the chambers, the microfluidic cell co-culture platform is adaptable for 3D 
cell co-cultures. 
 
Figure 4.1: Schamtics of the formation of an ACVB in the microfluidic platform. (a) 
A schamatic of the microfluidic device. (b) After the two PDMS valve barriers are 
pushed into the ‘down’ position to form a channel, pre-gel (agarose) is loaded into the 
middle channel. (c) Once the PDMS valve barriers are released into the ‘up’ position 
to form an ACVB, soluble factor exchanges between the two chambers can occur. 
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4.2.2   Surface treatment and barrier formation 
To reduce the bonding between the agarose and the PDMS so that the agarose 
would not move up with the PDMS, the PDMS barriers were pre-treated with ethylene 
glycol or Fluoronic 127 following the published protocols (Golden and Tien, 2007; 
Tang, et al., 2003).  In addition, the glass slide was coated with aminopropyl triethox-
ysilane (APTES) to form aminosilane on the surface, which could enhance the agarose 
attachment to the glass coverslip to help the agarose to still stay on the substrate once 
the valve barriers were released.  The details of these treatments are described as fol-
lows.  After the PDMS was peeled off from the SU8 mold and the reservoirs were 
punched, it was adhered to a clean coverslip directly, forming a reversible bonding.  
Ethylene glycol or Fluronic 127 (Sigma-Aldrich, Atlanta, GA) was filled into the 
channel by capillary force to treat the channel inner surfaces at 37oC.  After 1 h, DI 
water was filled into the channel to wash off the excess ethylene glycol or Fluronic 
127 (30 min at 37oC).  The PDMS was then peeled from the coverslip and dried over-
night.  For the glass substrates, the microscopic slides were first immersed in a 10% 
nitric acid solution at 80-90oC with gentle shaking for 1 h.  After rinsed with water, 
the slides were placed in a 10% solution of APTES (Sigma-Aldrich, Atlanta, GA) at a 
pH value of 3.4.  The solution was heated to 70oC with stirring for an additional 3 h.  
The silanized slides were then thoroughly rinsed with water and dried overnight. 
After the platform was assembled and the two PDMS valve barriers were 
pushed into the ‘down’ position to form a channel (Fig. 4.1(b)), agarose pre-gel solu-
tion was loaded into the middle channel with the entire platform placed on a hotplate 
at 60oC.  The agarose pre-gel solution was prepared by adding phosphate buffer to a 
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measured amount of agarose powder (Sigma-Aldrich, Atlanta, GA) to a concentration 
of 1 mg/ml.  The mixture slurry was then heated in an oven to 90oC till the agarose 
power was completely dissolved.  The hot agarose pre-gel solution was then loaded 
into the middle channel, after which the platform was removed from the hotplate to 
cool down at room temperature allowing for gelation of the agarose. 
 
Figure 4.2: The cell co-culture platform with an ACVB. (a) FITC was added in one 
chamber with the PDMS valve barrier closed. (b) After releasing the valve barrier, 
fluorescent signals were observed in the opposite chamber, indicating that the dyes 
perfused through the nanoporous agarose. (c) HMECs in MatrigelTM and NHDFs in 
type I collagen were loaded and cultured side by side. The two cell populations could 
communicate with each other only through soluble factors because the nanoporous 
agarose blocked the cells from migrating through the valve barrier.   
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The pore size of agarose varies from 50 nm to several hundred nanometers de-
pending on the concentration (Narayanan, Xiong et al. 2006).  Figure 4.2(a, b) show 
fluorescence images of the microfluidic devices with an ACVB after one cell chamber 
was filled with Fluorescein isothiocyanate (FITC) (Thermo Fisher Scientific, Pierce, 
IL).  After the gelation of the agarose while the PDMS barriers were in ‘down’ posi-
tion, FITC was loaded into one cell culture chamber.  A fluorescent image was taken 
as Fig. 4.2(a).  There was no fluorescence detected in the other cell chamber.  After 
the PDMS valve barriers were released, fluorescent signal appeared in the opposite 
cell chamber (Fig. 4.2(b)). 
 
4.2.3   3D cell co-culture and discussions 
We have demonstrated that the ACVB could block cells from migrating into 
the opposite chamber by loading the two chambers on each side of the valve barrier 
with human mammary epithelial cells (HMECs) in MatrigelTM and normal human 
dermal fibroblasts (NHDFs) in type I collagen.  Because the cell-gel mixtures were 
viscous, a vacuum-driven loading method was employed to load HMECs and NHDFs 
with their distinct 3D matrix as follows.  The harvested HMECs and NHDFs were 
suspended in their respective growth media at a density of 1x106 cells/ml.  The sus-
pended media and the microfluidic platform with the hydraulically activated valve 
were placed on ice prior to cell loading.  The HMECs were prepared in MatrigelTM 
(BD Biosciences, San Jose, CA) at the following volumes: 25 μl cells with 75 μl of 
MatrigelTM.  After mixing these two components to homogeneity, the 100 µl mixture 
was added to the loading well of HMECs, upon which vacuum was applied at the cor-
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responding waste well to help the mixture to flow down to the cell culture chamber.  
For the NHDFs, 40 µl of type I collagen (BD Biosciences, San Jose, CA) and 60 µl of 
NHDF suspended medium was mixed homogeneously with the help of 0.5 µl of 1 M 
NaOH.  The mixture was then added to the loading well of NHDFs and vacuum was 
applied in the same manner as for HMECs.  The co-culture platform was then placed 
into a humidified incubator at 37C for 30 min to polymerize the matrices, after which 
the loading reservoirs of the HMECs and NHDFs were filled up with their respective 
culture media. 
The HMECs and NHDFs were first maintained for 7 days with the valve 
closed.  On day 8 the valve was opened.  The nanoporous ACVB allowed soluble fac-
tors to perfuse through but prevented cells from crossing the barrier and migrating into 
the opposite chamber (Fig. 4.2(c)).   
Due to the fact that convection is hindered in MatrigelTM and collagen 
(McCarty and Johnson, 2007; Ramanujan, et al., 2002), wider loading channels were 
designed to provide sufficient culture medium to the cells.  Instead of 150 µm wide 
loading channels for 2D cell culture, 400 µm wide channels were used here.  It was 
shown that cells could be cultured in the microfluidic chambers for as long as 3 weeks.  
Another problem that was encountered in the 3D cell co-culture is that collagen fibers 
will contract during cell culture in response to the cell-matrix interactions.  To over-
come this issue, columns of posts were patterned in each chamber as anchors for the 
gel fibers to adhere, as indicated in Fig. 4.2(c).  Multiple experiments showed that 
these anchors could effectively prevent the collagen fibers from contracting during cell 
culture and interaction period. 
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4.3   Microfluidic Platforms with a Semi-permeable Barrier 
4.3.1   Design principle 
To this point, the cell co-culture platform can control cell-cell interactions 
through soluble factors alone using the ACVB.  As discussed in the introduction sec-
tion, to dissect the functions of individual molecules in biological studies, it is ex-
tremely desirable to be able to selectively filter out the exchange of certain molecules 
between the two cell populations, which can help to identify the specific functions of 
the interested molecules.  Therefore, we further modified the co-culture platform to 
implement a semi-permeable barrier by imbedding “ligand traps”, which selectively 
block the exchange of certain soluble signaling molecules (ligands).   
Ligand traps are engineered protein-coated nano/micro-particles.  The proteins 
have the ability to bind to certain ligand(s) selectively with high affinity.  In the litera-
ture, the vascular endothelial growth factor (VEGF)-Trap, which was a soluble decoy 
receptor to prevent VEGF binding to its normal receptors, has been used as a VEGF 
targeted therapy (Holash, et al., 2002).  Since the receptor proteins are small and can 
perfuse in the nanoporous gel, they are conjugated to nanoparticles in our studies. Af-
ter mixing with ligand traps, the pre-gel solution is loaded into the middle channels, 
following a similar procedure as shown in Fig. 4.1.  As the size of the nanoparticles is 
much larger than the pore size of the gel, the conjugated receptors cannot leak out of 
the barrier after formation.  Smaller particles are preferable because for the same vo-
lume they will provide larger surfaces to conjugate receptors so that the available 
binding sites are increased to effectively block the transmission of targeted ligands.  In 
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addition, smaller particles make it easier to achieve a more homogenous distribution of 
these ligand traps. 
 
Figure 4.3: Schematics of the semi-permeable barrier, which is used to block the 
transport of certain ligand from one chamber to the other.  (a) ECs and tumor cells are 
loaded into their respective chamber with the valve closed.  (b) Exchange of soluble 
factors are allowed excluding the specific molecule.  For example, the ligands (slit2) 
bind to the immobile receptors (such as Robo1) inside the barrier and hence are 
blocked from reaching the other chamber.   
 
Once the associated ligands are transported through the barrier, they will be 
‘trapped’ by binding to the receptors with high affinity.  If all ligands bind to their re-
ceptors before moving out of the barrier, the targeted soluble ligands are fully blocked 
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from the soluble factor exchange between the two chambers.  In the design for tumor 
cell and EC cross-migration studies, for example, Robo1 receptor coated nanoparticles 
are expected to be able to block the perfusion of soluble Slit2 secreted by ECs.  As 
shown in Fig. 4.3, tumor cells in the right chamber can sense all signaling molecules 
secreted by the ECs in the left chamber except Slit2, which are all expected to be 
trapped by the Robo1 receptors inside the barrier when they try to cross the barrier.   
 
4.3.2   Demonstration of ligand traps by two fluorescent proteins 
In the last chapter, the microfluidic platforms use an etched coverslip as the 
base.  The two chambers communicate with each other through the gap between the 
etched surface and the bottom of the PDMS barrier, whose height is defined primarily 
by the etching depth.  In fabricating the co-culture platforms with semi-permeable 
valve barriers, however, we used a two-layer fabrication technique similar to that 
shown in Fig. 2.2; but the fabricated platform is similar to the one in Chapter 3, i.e., 
with a continuous gap for cell-cell interactions.  In the fabrication process, instead of 
an array of lines, a long rectangular SU-8 layer was first patterned on the silicon wafer 
as shown in Fig. 4.4.  A second layer, defining two PDMS valve barriers and two larg-
er cell culture chambers and a narrow middle gel channel, was then created.  The 
schematic of the mold to construct the first PDMS layer is shown in Fig. 4.4(b).  The 
second PDMS layer is produced in the same way as those in previous chapters.  This 
new fabrication process avoids the glass etching process involving hazardous hydrof-
luoric acid (HF).  In the platform, the height of the gap is defined by the thickness of 
the first rectangular SU-8 block, which is also easy to be controlled by the selection of 
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the type of SU-8 and the spinning speed.  In this dissertation, we fabricate microfluidic 
platforms having a 20 µm gap between the two chambers of 100 µm in height.   
 
   
Figure 4.4: Schematics of the process to fabricate the mold for the first PDMS layer. 
(a) A rectangular SU-8 layer is first patterned on a silicon wafer, whose thickness de-
fines the gap height between the two chambers. (b) Another SU-8 layer is aligned and 
patterned onto the first SU-8 layer to define the channels and chambers. 
 
As mentioned in section 4.2.2, the coverslip was treated by ethylene glycol to 
enhance the attachment of the gel and the PDMS surface was coated with APTES to 
facilitate the releasing of the PDMS barrier.  Biotin coated polystyrene particles (0.7 – 
0.9 µm in diameter; Spherotech, Lake Forest, IL) were chosen as the ligand trap. In-
stead of agarose, collagen was used as the scaffold for the ligand traps because imple-
ment of agarose involves high temperature which will damage the receptor proteins.  
The gel was prepared by adding 10 µl 10× PBS and 0.38 µl NaOH (Sigma-Aldrich, 
Atlanta, GA) into 73 µl polystyrene particles solution.  Vortex mixer was used to dis-
perse the particles.  Subsequently, 16.6 µl collagen (BD Biosciences, San Jose, CA) 
was added and mixed homogeneously to get a final collagen concentration of 1.5 
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mg/ml and a particle concentration of 2.59×1010 particle/ml.  After the valve was acti-
vated by injecting DI water in the control chamber, the platform was placed on ice.  
Subsequently, the pre-gel mixture was filled into the mid-channel in a manner similar 
to that shown in Fig. 4.1.  After loading, the whole platform was placed into a humidi-
fied incubator at 37oC for 30 min to polymerize the matrix. 
 
Figure 4.5: Demonstration of the semi-permeable barrier with two fluorescent pro-
teins. Avidin-Alexa Fluor 488 (green) is trapped by the biotin coated nanoparticles 
inside the barrier and therefore cannot transport from one chamber to the other.  How-
ever, ovalbumin-Alexa Fluor 647 (red) can pass through the barrier and perfuse into 
the other chamber. (The width of the barrier is 200 µm) 
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After gelation, the semi-permeable valve barrier was formed by releasing the 
DI water from the control chamber.  Two fluorescent proteins, avidin-Alexa Fluor 488 
and ovalbumin-Alexa Fluor 647 (both from Invitrogen, Carlsbad, CA), were added 
into one chamber.  Avidin was known to bind to biotin with a high degree of affinity.  
The dissociation constant of biotin and avidin was measured as 10-15 M (Green, 1963).  
Therefore, we expected avidin-Alexa Fluor 488 to be trapped by the immobile biotin 
coated particles inside the barrier, while the ovalbumin-Alexa Fluor 647 could pass the 
barrier and perfuse into the other chamber.  
The experimental result is shown in Fig. 4.5, which clearly indicates that the 
avidin (green) binds to the immobile biotin inside the barrier and therefore is trapped 
by the biotin coated polystyrene particles. But the ovalbumin (red) can pass through 
the barrier and perfuse into the opposite chamber.  As a result, avidin was effectively 
blocked from the molecular exchange between the two chambers.   
In the fluorescent imaging based experiment, however, a high concentration 
for each fluorescent protein had to be used to obtain sufficient fluorescent signals for 
demonstration.  The concentration added to the chamber was 0.48 µM/ml for avidin 
and 1.47 µM/ml for ovalbumin.  According to the collagen matrix recipe described 
above, the ligand traps’ binding ability to avidin is calculated as 1.69 µM per ml gel. 
The experiment shows that the gel quickly becomes saturated with avidin, es-
pecially if there exists a transverse flow, which seems a problem.  In real biological 
systems, however, the amount of ligands secreted by cells is orders of magnitude low-
er in concentration than the fluorescent proteins used here for demonstration.  For ex-
ample, homogeneous amounts of VEGF production by myoblast clones have been 
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measured ranging from 5.5 ng/106 cells/day to 191.2 ng/106 cells/day (Ozawa, et al., 
2004).  Suppose there are 10,000  myoblast clones in one chamber, which will secrete 
2.4 – 83.3 × 10-6 nM VEGF in 10 days.  This is a very tiny fraction, about 0.0023 – 
0.082%, of the total binding ability of the ligand traps in the barrier (Suppose the gel’s 
binding ability to VEGF is 1.69 µM/ml and the total volume of the gel in the barrier is 
0.06 µl).  Therefore, we expect that saturation would be very rare in real bioassays.  
To guide the design of the semi-permeable barrier, an analytical model of the barrier’s 
performance has been developed and is presented in the next section. 
  
4.3.3   An analytical model of the barrier’s performance 
 
  
Figure 4.6: Schematic of transport of ligand (A) through a barrier, where it binds to its 
immobile receptor (B) and forms the ligand-receptor complex (S). 
 
Here we develop a simple model for the concentration of the ligand in the 
semi-permeable barrier to obtain design rules for microfluidic platforms. Assume that 
79 
the ligand (A) in chamber 1 is able to enter the barrier with thickness (L) due to flow 
(U) and diffusion, where it binds to its receptor (B) and form the ligand-receptor com-
plex (S) (Fig. 4.6).  For a successful semi-permeable barrier, all ligands from chamber 
1 are expected to bind to their immobile receptors before reaching chamber 2.  In the 
model, we first assume the concentration of receptors (B) is much larger than the con-
centration of ligands (A), which is reasonable since the ligands secreted by cells are 
usually of a very low concentration.  Therefore, the binding becomes a pseudo first 
order reaction whose rate (Rvs) can be written as,  
Rvs = konCB0CA - koffCS,    (4.1) 
where CA, CB0 and CS denote the concentration of the ligand, receptor and ligand-
receptor complex, respectively;  kon and koff are the association rate constant and dis-
sociation rate constant, respectively.  We also assume that the ligand binds to its re-
ceptors with a high affinity. Thus the dissociation constant (koff/kon) is a small value.  
For example, the dissociation constant of biotin and avidin was measured as approx-
imately 10-15 M (Green, 1963).  Thus the second term on the right hand side of Eq. 
(4.1) can be dropped off.  If we consider a transient case, the governing equation for 
the ligand’s concentration in the barrier becomes, 
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Here D is the diffusion coefficient of the ligand in the gel;  ߔA is the partition coeffi-
cient which describes how the a macromolecular solute will be influenced by its size, 
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charge, and by the composition and physical arrangement of the gel (Kosto and Deen, 
2005).  
Using L, L/U and CA0 as the characteristic length, time and concentration 
scales, respectively, Eq. (4.2) can be non-dimensionalized as, 
ܲ݁ డఏడఛ ൌ
డమఏ
డ௑మ െ ܲ݁
డఏ
డ௑ െ ܦܽ ߠ;      
  ߠሺ߬, 0ሻ ൌ ߔA,    డఏሺఛ,ଵሻడ௑ ൌ 0  and  ߠሺ0, ܺሻ ൌ 0.  (4.3) 
Here ߠ, X and τ are the dimensionless concentration, length and time, respectively.  In 
Eq. (4.3), Pe is the Péclet number defined as, Pe = UL/D, which is the ratio of the 
mass transported by convection to the mass transported by diffusion; the Damköhler 
number, Da ൌ  ݇௢௡ܥ஻଴ܮଶ/ܦ, is the ratio of the reaction rate to the diffusive rate.  Us-
ing finite Fourier transform method (Deen, 1998), the analytical solution of Eq. (4.3) 
was obtained as 
ߠሺܺ, ߬ሻ ൌ ∑ ఃAୟ౤β౤Pୣୠ౤ ൣ1 െ ݁
ିୠ౤τ൧݁ು೐మ ௑ݏ݅݊൫β୬X൯∞௡ୀଵ , 
where β୬  is the root of the equation “  β୬cot β୬ ൌ െ Pୣଶ  ”, a୬ ൌ 2
β౤మ ାPୣమ/ସ
β౤మ ାP౛
మ
ర ା
P౛
మ
 , and 
b୬ ൌ 2 β౤
మ ାP౛మర ାPୣ Dୟ
Pୣ   .  
To illustrate the characteristics of the concentration distribution in the gel, we 
took the parameters as the following.  The width of the barrier (L) is 100 µm;  the con-
centration of receptors (CB0) is 10-6 M, the diffusion coefficient (D) is 10-3 mm2 s-1 , 
and the reaction rate (kon) is 107 M-1s-1 (Note that the biotin-avidin reaction rate was 
measured as 6.5×107 M-1s-1 (Green, 1963)).  In this case, the Damköhler number Da = 
100.  For a small velocity (Pe = 1, which corresponds that U = 10 µm/s), all ligands 
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can be trapped in the barrier as shown in Fig. 4.7(a).  For a higher velocity (Pe = 10, 
which corresponds that U = 100 µm/s), the ligands would be on the edge to penetrate 
the barrier as shown in Fig. 4.7(b).  It should be mentioned here that the boundary 
condition in Eq. (4.2) at x = L is only valid before the ligands penetrate the barrier in 
situations such as for a short time period or a small Péclet number.  
 
Figure 4.7: Ligand’s concentration in the barrier as Da = 100.  Under the current as-
sumptions, the concentration profiles would not change as τ further increases in both 
figures. 
 
A larger value of Da corresponds to a faster reaction, while a larger value of Pe 
represents faster trans-barrier flow. To be fully blocked from the exchange between 
the two chambers, the target ligands shall bind to their receptors before moving out of 
the barrier by the flow. It is informative to examine the relationship between Pe and 
Da to guide the selection of ligand traps and the design of the barrier.  Therefore, we 
consider the long time behavior of the concentration profiles in the barrier.  Neglecting 
the time derivative in Eq. (4.3), the governing equation and boundary conditions read,  
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ௗమఏ
ௗ௑మ െ ܲ݁
ௗఏ
ௗ௑ െ Da ߠ ൌ 0;  ߠሺ0ሻ ൌ ΦA, 
డఏሺଵሻ
డ௑ ൌ 0.     (4.4) 
The analytical solution of Eq. (4.4) is 
θሺXሻ ൌ ΦA ቈcoshሺγXሻ െ γ୲ୟ୬୦ሺγሻା
P౛
మ
γାP౛మ ୲ୟ୬୦ሺγሻ
sinhሺγXሻ቉ ݁ು೐మ ௑,      (4.5) 
where γ ൌ ටPୣమସ ൅ Da .  For a specific ligand-receptor reaction, it is important to find 
out the maximum velocity at which the ligand cannot penetrate the barrier under a 
given reaction rate.  Suppose ‘leakage’ is defined as the concentration of ligand at the 
right boundary (X = 1) exceeding a certain value, αФA.  By analogy with sieving coef-
ficient in modeling ultrafiltration (Deen, 1998), the leakage coefficient, defined as 
ߙ ൌ ܥ௫ୀ௅/ܥ௫ୀ଴, measures the overall effectiveness of the blocking for the interested 
ligand. That α = 0 represents that all ligand entering the barrier are trapped (no lea-
kage), while ligands completely transport through the barrier when α = 1.  
To look for the situations that ߠሺ1ሻ ൌ ߙΦA, we first consider the case where 
there is no flow (U = 0), i.e., Pe = 0.  The concentration at X = 1 then becomes,   
cosh √Da ൌ ଵఈ.      (4.6) 
From Eq. (4.6), if we set α = 0.01 then Da ൎ 28.07 , which means that the Damköhler 
number cannot be smaller than 28.07 if we want the concentration of ligand is smaller 
than 1% of ФACA0 on the right edge of the barrier.  
If there exists a flow, where Pe > 0, Da must be larger than the value in the 
case without flow as presented in Eq. (4.6).  At such a situation, the coefficient in side 
Eq. (4.5) becomes, 
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γ୲ୟ୬୦ሺγሻାP౛మ
γାP౛మ ୲ୟ୬୦ሺγሻ
ൎ 1.    
Then from Eq. (4.5), the following relationship is obtained, 
Pe ൌ log ቀଵఈቁ Da ൅ log ሺߙሻ.    (4.7) 
The result is plotted in Fig. 4.8 for α = 0.01 according to Eq. (4.7).  If a pair of 
Da and Pe numbers falls below this line, all ligands will be trapped in the barrier.  
From the above analysis, we draw a conclusion that a big Da number is required to 
sustain a large transverse flow, which can be achieved by choosing the receptor with a 
high reaction rate, raising the receptor’s concentration or increasing the barrier thick-
ness from the definition of the Damköhler number.   
 
Figure 4.8: Relationship between the Damköhler number and the Péclet number.  If a 
point (Da, Pe) is below this line, the concentration of the ligand out of the barrier will 
be smaller than 1% of the concentration on the other side of the barrier. 
84 
If the ligands and their receptors are already chosen, the design of the barrier 
can be shown in the following example. We try to find the minimal width of the bar-
rier to block the transport of the ligand for a certain trans-barrier flow. From above 
analysis, to be a successful barrier, the following inequality shall be satisfied, 
Pe ൑ log ቀଵఈቁ Da ൅ log ሺߙሻ       (4.8) 
This equation can be transformed to another form 
௞೚೙஼ಳబ
୪୭୥ ሺఈሻ ܮଶ ൅ UL െ D log ሺߙሻ ൑ 0   (4.9) 
A meaningful solution of Eq. (4.9) is 
ܮ ൒ ௎ାඥ௎మାସ௞౥౤஼Bబ஽ଶ௞౥౤௖Bబ log ቀ
ଵ
ఈቁ    (4.10) 
Notice that 0 ൑ α ൑ 1.  For example, we can perform a calculation with the following 
parameters: the concentration of receptors (CB0) as 10-6 M; the diffusion coefficient 
(D) as 10-3 mm2 s-1, and the reaction rate (kon) as 107 M-1s-1.  Under these conditions, 
for α = 0.01, Eq. (4.10) yields a width of the barrier as 74.5 µm to sustain the striking 
of a trans-barrier flow of 100 µm/s.  
 
4.4   Summary 
In this chapter, we present two variations of the valve-enabled microfluidic 
platform with different functions inspired by biological research needs, which are ex-
pected to significantly enhance the capability of the device, and hence extend its ap-
plications to a wider variety of biological studies.  
The first variation is a nanoporous gel-coupled valve barrier, which could pre-
vent cells from migrating through the barrier but allow soluble factors to perfuse 
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through.  Therefore, two cell populations co-cultured side by side in this microfluidic 
platform communicate with each other through soluble signaling molecules alone.  
Together with the previously presented version, the valve enabled microfluidic plat-
forms allow us to distinguish cell signaling pathways through either direct contact or 
soluble factors alone.   
One more variation is the gel-coupled valve barrier with ligand traps embedded 
inside the barrier.  In this version, the ligand traps could selectively block the transport 
of a specific kind of molecule from one chamber to the other.  This provides an inno-
vative new technique for dissecting extracellular signaling pathways.  A mathematical 
model has been developed to correlate the relationship between the Damköhler num-
ber and the Péclet number to guide the design of a successful semi-permeable valve 
barrier.  
We have also successfully implemented 3D side-by-side cell co-culture in the 
platform.  Both HMECs in MatrigelTM and NHDFs in collagen grow healthily up to 3 
weeks.  The ability to culture cells in a 3D context would help to more closely mimic 
in vivo cell behavior, which would be very attractive to the biological research com-
munity.    
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CHAPTER  5 
 
MICROFLUIDIC CULTURE PLATFORMS WITH CONCENTRATION GRADIENTS  
 
5.1   Introduction 
Cell migration plays a critical role in many biological and pathological 
processes including embryogenesis, the immune response, wound healing, tissue re-
pair, and tumor metastasis (Lauffenburger and Horwitz, 1996).  Chemotaxis is a phe-
nomenon in which a cell migrates directionally in response to a certain chemical con-
centration gradient.  The cell senses the relatively shallow external gradient of a che-
motactic agent and responds with highly oriented polarity and motility (Weiner, 2002).  
Thus, an understanding of the molecular basis of chemotaxis could lead to new thera-
peutic opportunities for many pathological processes underlying cell migration. 
Not surprisingly, there is considerable interests in developing assays to gener-
ate a chemotactic gradient.  Traditional methods to create gradients of chemotactic 
agents include the pipette-based assay (Gerisch and Keller, 1981), the under-agarose 
assay (Kohidai, 1995; Nelson, et al., 1975), the Boyden/transwell assay (Boyden, 
1962), and the Dunn assay (Zicha, et al., 1991; Zicha, et al., 1997).  In recent years, 
various microfluidic chemotactic platforms have been developed which were typically 
miniaturized variations of these traditional assays.  For example, with the Dunn cham-
ber, the linear chemotactic gradient was originally created in a glass bridge between 
two concentric wells, and the microfluidic version included a source/sink construct to 
generate the chemotactic gradient in a microfabricated device (Abhyankar, et al., 
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2006; Cheng, et al., 2007; Diao, et al., 2006; Shamloo, et al., 2008).  To slow down 
the decay of the gradient, microcapillaries (Shamloo, et al., 2008), hydrogels (Cheng, 
et al., 2007), and membranes (Abhyankar, et al., 2006; Diao, et al., 2006) were used to 
serve as high fluidic resistances to minimize the convective transport and maintain a 
diffusion-dominating environment.  
  However, in real device operation, various factors can prevent the formation of 
precise molecular gradients that are stable in space and time for biological studies.  In 
the Dunn chamber, for example, the agents will deplete in the source and accumulate 
in the sink, which will lead a drift of the concentration gradient over time.  To prevent 
the depletion and accumulation, two continuous fluid streams have been introduced to 
replace the two still liquid reservoirs in microfluidic platforms (Irimia, et al., 2007; 
Saadi, et al., 2007).  Another microfluidic concentration gradient generator was a py-
ramidal microfluidic device presented by Whitesides and co-workers (Dertinger, et al., 
2001; Dertinger, et al., 2002; Jeon, et al., 2000; Jeon, et al., 2002).  In this scheme, two 
laminar streams carrying different concentrations of chemotactic agents created a con-
centration gradient perpendicular to the flow direction after they were repeatedly split, 
mixed, and recombined in the microfluidic network extending in a pyramidal way.  
Even though there are several drawbacks such as that cells experience shear stress and 
the concentration gradient depends on both the position along the flow direction and 
the flow velocity (Walker, et al., 2005), this type of devices can build up a concentra-
tion gradient very quickly and has been widely used for chemotaxis studies (Chung, et 
al., 2005; Jeon, et al., 2002; Lin, et al., 2004; Saadi, et al., 2007).   
88 
  One requirement for both of the above-mentioned schemes is that external sy-
ringe pumps are used to maintain equal flow rates/pressures of the two loading 
streams, which is essential to the generation and maintenance of the stable concentra-
tion gradient.  This requirement limits the widespread use of these devices for long-
term cell culture by biologists.  Even though active pumping methods such as syringe 
pumps or electroosmotic pumps can provide more accurate and adjustable volumetric 
flow rates, the utilization of these pumps requires external equipment which is gener-
ally large in size and complex to operate.  Moreover, considering the series of activi-
ties in cell culture and biological investigations such as cell seeding, culture mainten-
ance, treatment, and observation, the external instruments and their connections com-
plicate the device’s experimental usages and increase the chance of introducing con-
tamination.   
  In view of this, it is desirable to develop a simple microfluidic platform that 
can generate a stable concentration gradient without the need for complex external in-
struments.  As mentioned in the previous chapters, the passive pumping method 
(Berthier and Beebe, 2007; Lynn and Dandy, 2009; Walker and Beebe, 2002) pro-
vided an easy approach to drive fluid to flow through microchannels.  However, it is 
difficult to directly apply this pumping method to create a concentration gradient be-
cause it lacks precise control of the flow rates and balance of the pressures between 
the two streams from two individual passive pumps.  Considering various factors that 
can affect the pressure and the flow rate in passive pumping, a tiny operational varia-
tion may lead to significant drifts in the final concentration gradient.  
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  In this chapter, a fluid circuit has been designed which could automatically 
generate two streams with equal pressure from two separate passive pumps.  By feed-
ing the pyramidal microfluidic circuit with these two streams, a linear concentration 
gradient is created and maintained at the downstream. The resulting microfluidic plat-
form sheds syringe pumps and the complicated external connections.  Its compact na-
ture, therefore, allows the whole platform to be placed into a 75-mm diameter Petri 
dish and no external accessories are associated with it, which is compatible with the 
everyday practice of experimental cell biologists.  The platform is also extremely easy 
for biologists to operate by themselves and to be mounted on conventional micro-
scopes for long-term, high-resolution live-cell imaging.  
 
5.2   Design Principle of the Pressure Balance Circuit 
Compared to reported microfluidic gradient generators (Dertinger, et al., 2001; 
Jeon, et al., 2000), we changed the pumping component from the external syringe 
pumps to the semi-autonomous passive pumps.  This passive pumping method 
(Berthier and Beebe, 2007; Lynn and Dandy, 2009; Walker and Beebe, 2002) elimi-
nated any connections and ensured that the whole device was compact enough to be 
placed into a Petri dish.  However, the passive pumps also face several challenges.  
The main issue confronting the passive pumping method is to maintain pressure equi-
librium between the two feeding streams of different chemotactic agent concentrations 
to form a linear concentration gradient.  Pressure imbalance between the two streams 
will disturb the side-by-side streams.  As a result, they cannot be split and recombined 
equally in the pyramidal microfluidic circuit as expected.  
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Figure 5.1: Design of the microfluidic concentration gradient generator.  (a) A sche-
matic of the microfluidic circuit.  Once the two streams, A and B, with different con-
centrations of a chemotactic agent, travel through the balance zone and equilibrium 
zone, their flow rates and pressures become the same, which is critical for generation 
of a stable and linear concentration gradient in the culture and observation zone.  (b) 
An enlarged view of the pressure balance zone.  (c) An equivalent electrical circuit 
model.  (d) A picture of the assembled device.  Water and ink were added to the left 
and right reservoirs and allowed to flow through the device. 
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In passive pumping, the laminar flow inside the microfluidic channels and 
chambers is maintained by the pressure difference between the loading and waste 
wells (reservoirs) due to the media elevation and capillary effects (Lynn and Dandy, 
2009; Walker and Beebe, 2002).  It is extremely difficult to achieve a precise pressure 
balance between the two inlets because of the inevitable slight variations in the 
amount of media loaded into each well, the physical properties of the media (e.g., ca-
pillary properties, viscosities, etc.), and the inner surface properties of each reservoir.  
In practice, for example, the only control is to load equal amounts of media measured 
by a pipette; however, slight differences always exist because of the inevitable opera-
tional variations.  The combination of these effects could disrupt the stable and repro-
ducible concentration gradient (Irimia, et al., 2007).  To overcome the issue of the im-
balanced pressure and flow rate between the two feeding streams, we designed and 
implemented a fluidic circuit including a pressure balance zone at the upstream as 
shown in Fig. 5.1(a), through which two streams with equivalent pressure were gener-
ated automatically. 
The pressure balance zone includes two serpentine channels with high flow re-
sistance functioning as counter-pressure-difference channels (CPDCs) (Fig. 5.1(b)).  
Each channel is connected with a liquid reservoir for holding media (the passive 
pump).  After the two fluidic steams travel down these two serpentine channels, they 
meet at a contact zone which is designed to equilibrate their pressures.  Once passing 
this contact zone, the pressures of the two streams become the same.  Note that mixing 
can occur when the media flow through the contact zone and a small portion of the 
media from the higher pressure stream are pushed to the stream of a lower pressure.  
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Each stream will flow through another serpentine channel in which the media will 
achieve a new uniform concentration.  Then, they continuously travel down into the 
pyramidal microfluidic network and form a concentration gradient in the cell culture 
and observation zone.  Due to the inevitable slight mixing at the contact zone, this mi-
crofluidic platform would provide a smaller concentration range (the concentration in 
the observation chamber spans a narrower range than the concentration difference be-
tween the two loading reservoirs).  In the chemotaxis applications, fortunately, one 
normally cares for the concentration gradient that cells experience locally rather than 
the minimum and maximum absolute concentration in the whole chamber.     
To demonstrate the design principle, an equivalent electric circuit model of the 
microfluidic network is shown in Fig. 5.1(c).  A simple analogy led to the following 
equation, 
݅A െ ݅B ൌ ௉Aି௉Bோౙ౦ ,     (5.1) 
where PA and PB  represent the pressure at each inlet; Rcp represents the flow resistance 
of the counter-pressure-difference channel; and iA and iB denote the flow rate of each 
stream.  Our aim is to minimize the difference between these two flow rates.  Accord-
ing to Eqn. (5.1), this goal can be achieved through either reducing the pressure differ-
ence (PA - PB) or increasing the flow resistance Rcp.  As mentioned above, a pressure 
difference cannot be completely avoided in reality. Therefore, one can increase the 
flow resistance of the counter-pressure-difference channel, Rcp, as a mean of diminish-
ing the effect of the pressure imbalance, which is the reason for adding two long ser-
pentine channels before the contact zone (Fig. 5.1(b)).  It is worth noting that the con-
tact zone has been used by (Irimia, et al., 2007) and (Lee, et al., 2011); however, in 
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their schemes, there is no high flow resistance serpentine channels as the CPDC before 
the two streams meet at the contact zone. 
 
5.3   Pyramidal Microfluidic Device using A Pressure Balance Circuit to Gener-
ate Concentration Gradient in 2D  
5.3.1   Device fabrication 
The microfluidic devices were fabricated using the standard soft-lithography 
techniques (Whitesides, et al., 2001) as presented in Chapter 2.  Again, PDMS was 
chosen as the construction material because of its attractive features such as bio-
compatibility, thermal and chemical stability, and optical transparency for imaging.  
The mold was created using a photo-sensitive material (SU-8 2025) patterned through 
a transparency mask and positioned over a silicon wafer (McDonald and Whitesides, 
2002).  A pre-polymer solution of PDMS was then mixed with a curing agent at a 10:1 
ratio and poured over the mold.  After degassing, the PDMS was allowed to solidify 
over the molds at 70oC for 2 h.  The solidified PDMS layer was then peeled from the 
mold, and a sharp metal puncher was used to generate holes for the medium wells.  
After the surfaces were treated with oxygen plasma, the PDMS was bonded to a glass 
coverslip (No. 1, VWR Vista Vision, Suwanee, GA).  The thin glass coverslip was 
used as the base to facilitate observations by high-resolution microscopy.  The micro-
fluidic system was finished by attaching three cloning cylinders (Fisher Scientific, 
Pittsburg, PA) to the punched holes as reservoirs.  A picture of the final assembled de-
vices is shown in Fig. 5.1(d). 
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Two types of devices have been fabricated.  The channel heights of both de-
vices are 60 μm.  In device I, the compensation channel and each branch in the split-
ting and mixing zone have a width of 100 μm and a length of 7 mm.  The contact zone 
is 500 μm wide and 750 µm long.  An 18 mm long and 100 µm wide serpentine chan-
nel works as the CPDC, whose flow resistance is 2.57 times that of the flow resistance 
of the compensation channel.  In device II, the CPDC is replaced by a 19 mm long and 
50 µm wide serpentine channel.  As a result, its flow resistance increases to 9.82 times 
that of the compensation channel. 
 
5.3.2   Numerical modeling of the performance 
To validate the design, three-dimensional numerical modeling was performed 
to illustrate the working mechanisms of the pressure balance circuit.  In the simula-
tion, the diffusion coefficient of the chemotactic agent was chosen as 7×10-10 m2/s (for 
comparison, the diffusion coefficients of glucose and glycine are 6.7×10-10 and 
10.1×10-10 m2/s, respectively (Longsworth, 1953)).  The density of the media was tak-
en as 103 kg/m3 and its viscosity as 10-3 Pa·s.  ANSYS Fluent was used to simulate the 
three-dimensional flow field and media concentration in the pressure balance zone.  
The geometries of the simulation domain were the same as the real devices.   
At the inlet A, the chemokine concentration c was set to be 1, while it was set 
as 0 at the inlet B.  The pressure at each inlet was set as 344 Pa and the pressures at the 
exits of the compensation channels were set as 0 Pa.  This pressure difference would 
generate a flow rate of 15 nl/s in device I.  Ideally, the two streams entering the 
spliting and mixing zone should have the same flow rate and pressure as shown in Fig. 
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5.2(a).  In practice, however, the ideal case usually cannot be achieved.  There always 
exists a pressure difference between the two inlets because of variations in the liquid 
heights in the two inlet wells, liquid surface shapes, and/or other factors in the experi-
ment.  Though Irimia et al. (2007) have designed the contact zone to overcome this 
issue, large imbalanced pressure would eventually generate an undesired concentration 
profile at the cell culture and observation zone.  As shown in Fig. 5.2(b), if the pres-
sure at inlet B is higher than that at inlet A by 30%, the concentration of the left 
stream in the compensation channel will decrease dramatically to 0.37, instead of 0.95 
as in Fig. 5.2(a).  This is exactly the reason that we introduce long serpentine counter-
pressure-difference channels to reduce the effects of pressure difference between the 
two streams. 
According to Eqn. (5.1), the flow rate difference between the two streams 
would decrease as the flow resistance of the CPDC increases.  To demonstrate this ef-
fect, two more cases with the presence of CPDC were simulated.  If we denote the 
flow resistance of each compensation channel as R, then the flow resistance of the 
CPDC is 2.57R for device I as in Fig. 5.2(c) and 9.82R for device II as in Fig. 5.2(d).  
With the CPDCs, even when the pressure at inlet B is higher than that at inlet A by 
30%, the concentration of the left stream in the compensation channel only decreases 
to 0.81 for device I or 0.84 for device II, which is significantly better than that without 
the CPDCs.  These results demonstrate that the CPDC can effectively offset the effects 
of the pressure difference between the two streams and diminish the effect of inlet 
pressure variations during device operation. 
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Figure 5.2: Simulation results of the concentration distribution at the top of the 
microfluidic network.  (a, b) Without the CPDCs, the microfluidic platform will fail to 
generate satisfactory gradients if there exist a pressure difference between the two 
inlets.  (c, d) With the CPDCs, a good concentration difference can be maintained 
even if there is a pressure difference as large as 30%.  (c) In device I, the flow 
resistance of the CPDCs is 2.57 times that of the compensation channel.  (d) In device 
II, the flow resistance of the CPDCs is 9.82 times that of the compensation channel. 
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The concentration difference between the two compensation channels is plot-
ted in Fig. 5.3 for various pressure differences in three types of devices: devices with-
out CPDC, and device I and II as described above.  Even when the pressure difference 
is as high as 50%, it is still possible to obtain a reasonable concentration difference for 
the devices with CPDC.  It is worth noting that the flow rate will reduce for the devic-
es with a higher flow resistance, leading to more mixing at the contact zone due to dif-
fusion.  For the case with very small pressure difference, therefore, the concentration 
difference for Device I and II is smaller than that for devices without CPDC.  Howev-
er, the devices with CPDC perform much better if there is sensible pressure difference 
between the two inlets, providing an acceptable concentration difference feeding the 
pyramidal splitting and mixing network.  
 
 
Figure 5.3: Simulation results of the concentration difference between the two streams 
in the compensation channels. 
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5.3.3   Experimental validation of the generated concentration gradient 
Verification of the reagent concentration distribution was performed using dig-
ital imaging of a fluorescent marker (FITC, Thermo Fisher, Pierce, IL).  The images 
for the concentration distribution were taken using a fluorescent inverted microscope 
with a CCD camera. 
As shown in Fig. 5.4(a), inlet A was connected to a syringe pump to inject 
deionized (DI) water and inlet B was connected to a cylindrical reservoir that held 
FITC diluted into DI water.  The cell loading well was covered tightly; and therefore, 
the cell loading channels would not affect the flow field in the cell culture chamber.  
As a result, there existed parallel laminar flows in the cell chamber, which was critical 
to generate a linear concentration gradient.  For a short time period during the experi-
ment, the pressure of inlet B and the outlet can be regarded as constant, and the pres-
sure difference between the two inlets can be evaluated from the equivalent electrical 
circuit as (see supplementary material for detail), 
Aܲ െ Bܲ ൌ ൣ൫ோౙ౦ାଶோౣାோౙ൯௜Aି௉B൧ோౙ౦ோౙ౦ାோౣା଴.ହோౙ  ,    (5.2) 
where Rcp, Rc, and Rm are the flow resistance of the CPDC, the compensation channel 
and the splitting and mixing zone, respectively.  The flow resistances Rcp, Rc, and Rm 
were calculated according to (White, 2006) 
 ܴ ൌ ௅ర್ೌయ
యഋ ቂଵି
భవమೌ
ഏఱ್ ∑
౪౗౤౞ ሺ೔ഏ್/మೌሻ
೔ఱ
∞೔సభ,య,ఱ… ቃ
.   (5.3) 
Here b and a are half of the channel height and the channel width, respectively.  The 
flow rate iA was read from the syringe pump.  The pressure of inlet B, represented by 
PB in the equivalent circuit, was determined from the fluorescence micrographs 
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around the equilibrium zone.  By adjusting the flow rate iA, the two streams met in the 
middle as shown in Fig. 5.4(b).  We assumed that the two flow rates from inlet A and 
B were approximately equal in this case.  The flow rate was recorded as ݅A଴ .  Then the 
value of PB was obtained as 
Bܲ ൌ ൫ܴୡ୮ ൅ 2ܴ୫ ൅ ܴୡ൯݅A ଴ .                  (5.4) 
Once PB was determined, the pressure difference was calculated by Eqn. (5.2).  Fig. 
5.4(c) shows the fluorescent intensity profile as the flow rate iA was increased to 25 
nl/s (corresponding to a pressure difference of 27.09% based on the calculation as de-
scribed above).  
The concentration profiles along the line in the cell culture and observation 
chamber in Fig. 5.4 are plotted in Fig. 5.5 for both types of devices.  The results con-
firmed the effectiveness of the pressure balance circuit in the microfluidic device.  
With the pressure balance circuit, the microfluidic concentration generator can gener-
ate a concentration gradient even if there is a large pressure imbalance between the 
two inlets. 
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Figure 5.4: Experimental validation of the concentration gradient generator.  (a) A 
schematic of the experimental set-up to verify the concentration profile.  (b, c) Fluo-
rescent micrographs around the equilibrium zone.  Image (b) was used to determine 
the equilibrium flow rate and pressure.  (d) A fluorescent micrograph in the cell cul-
ture and observation zone.  The line was the place along which the fluorescent intensi-
ty was extracted to plot the intensity profiles in Figs. 5.5, 5.6, and 5.7. 
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Figure 5.5:  Fluorescent intensity profiles in the cell culture and observation zone.  (a) 
Device I (Rb = 15,978 Pa·s/μl)  (b) Device II (Rb = 61,009 Pa·s/μl).  Both cases have Rc 
= 6,213.9 Pa·s/μl and Rm = 7,298.2 Pa·s/μl. 
 
To further demonstrate the effectiveness of the pressure balance circuits, we 
have compared the fluorescent intensity profiles from devices with and without the 
balance zone.  We fabricated a total of 8 type I devices (as shown in Fig. 5.1(d)) and 
another 8 devices without the pressure balance circuits where the two streams from the 
passive pumps went to the splitting and mixing zone directly.  During the tests, 400 l 
of DI water alone or with FITC were loaded into each reservoir, respectively.  After 30 
minutes, fluorescent images were recorded at the cell migration chambers.  The tests 
were repeated twice for each device by loading the FITC in different reservoirs.  A 
total of 16 results for each type of concentration gradient generators were obtained as 
shown in Fig. 5.6.  It can be clearly seen that without the pressure balance circuit the 
intensity profiles (stars in Fig. 5.6) are difficult to reproduce, because of the inevitable 
slight variations in the loading process and device parameters.  However, the intensity 
profiles from the type I microfluidic devices (shown with solid circles) form approx-
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imately linear gradients, which are bounded in a relatively narrow region.  These re-
sults show that the pressure balance circuit could effectively improve the performance 
of the microfluidic gradient generator. 
 
 
Figure 5.6: Comparison of fluorescent intensity profiles of microfluidic devices with 
and without the pressure balance zone. 
 
Free from the external pumps and connections, the gradient generator utilizing 
passive pumps have great potential to maintain the gradient for a long time.  It would 
be a great advantage that the concentration gradient can last for enough time so that 
the end users only need to add chemotactic agent and remove the cumulated waste 
media once or twice per day.  Therefore, we also conducted an experiment to monitor 
the concentration profile as a function of time. 
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Figure 5.7: Concentration profiles for 12 h. 
 
 
Figure 5.8: Concentration gradients versus time.   
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Four hundred microliters of ovalbumin (at a concentration of 0.1 mg/ml) and 
400 l of 10× PBS were loaded into the upstream reservoirs in three type II devices.  
The initial incomplete meniscus in the waste reservoirs generated a fast flow to build 
up the concentration gradient quickly.  After 30 min, 100 l of 10× PBS was added in 
the waste reservoir to form a complete meniscus to slow down the flow rate.  This op-
eration also avoided the abrupt flow rate change caused by the transition from incom-
plete to complete meniscus (Lynn and Dandy, 2009).  After the loading reservoirs 
were covered by two slabs of PDMS to reduce the effect of evaporation, the micro-
fluidic platform was mounted onto the microscope stage.  Fluorescent images were 
taken every half an hour, and the results are plotted in Fig. 5.7 for one device.  We al-
so extracted the data ranging from 0.3 to 1.8 mm and found the gradient of each line 
(intensity per millimeter) that fitted the data in a least squares sense.  The gradients at 
each time point for the three devices were plotted in Fig. 5.8.  The gradient profiles are 
relatively consistent for up to 12 h.     
 
5.4   A Variation of the Dunn Chamber for 2D and 3D Cell Migration Studies 
5.4.1   Concentration gradient in 2D 
In the above described microfluidic device, liquid flow was necessary to main-
tain the chemotactic gradient.  Even though the microfluidic device provides a method 
of establishing gradients quickly, the associated shear stress may yield unfavorable 
effects (Walker, et al., 2005).  For example, soluble signaling molecules secreted by 
the cells may be washed away.  Shear stress was also found to modulate cell’s mor-
phology and focal adhesions (Girard and Nerem, 1995).  Therefore, the above concen-
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tration gradient generator might not be suitable for certain biological studies.  In addi-
tion, the concentration gradient changes along the flow direction due to diffusion.  To 
address these problems, a Dunn chamber combining with the passive pumping method 
has been designed and implemented, in which the cells would experience a stable 
chemical gradients but a trivial shear stress. 
 
 
Figure 5.9: Microfluidic 2D gradient generator using the source/sink construct.  (a) A 
photograph of an assembled device.  (b) A fluorescence micrograph of FITC around 
the cell culture chamber. 
  
The microfluidic platform is composed of two reagent chambers, defined as 
the source and sink chamber, respectively, and a cell culture chamber as shown in Fig. 
5.9.  The passive pumps and pressure balance zone are integrated at the upstream to 
generate two continuous streams with approximately equal flow rates and pressure to 
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feed the source and sink chamber.  Therefore, there would be no convection in the 
middle cell culture chamber ideally.  The chemotactic agent diffuses from the source 
chamber to the sink chamber and forms a static linear gradient in the middle of the cell 
chamber.  This concentration gradient is maintained by the equal media flow in the 
source and sink chambers.  In this design, microcapillary (Shamloo, et al., 2008) and 
membrane (Abhyankar, et al., 2006; Diao, et al., 2006) are excluded, which limit the 
transport of the chemotactic agents.  In addition, the cells in the culture chamber expe-
rience a minimal shear stress. 
 
5.4.2   Concentration gradient in 3D 
The microfluidic platform using the source/sink configuration is easily mod-
ified to generate a concentration gradient in a 3D matrix. As shown in Fig. 5.10, a 
mixture of cells and pre-gel solution is loaded into the middle chamber first.  After 
polymerization, a concentration gradient in the gel is created and maintained in the 
middle chamber by the equal flows in the source and sink chambers.    
However, if the cell-gel mixture is directly loaded into the middle chamber of 
the microfluidic platform as shown in Fig. 5.9, the arbitrary flow of the culture me-
dium into the middle chamber or the flow of mixture into the side channels can happen 
inevitably.  The resulting mixing of pre-gel solution with culture medium can change 
the final composition of the matrix and its stiffness.  On the other hand, the presence 
of gels in the side channels will change their flow resistances, inducing an uncertain 
concentration gradient in the cell chamber. Therefore, four pressure-controlled valves 
were integrated in the platform as shown in Fig. 5.10.   
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The valve mechanism is shown in Fig. 5.11.  Once being activated, the valves 
can effectively isolate the middle chamber from the other microfluidic circuits. There-
fore, these valves can successfully prevent the pre-gel solution flowing into the side 
channels or culture media flowing into the cell chamber to change composition of the 
gel.  
 
Figure 5.10: Microfluidic 3D gradient generator and the mechanism of its integrated 
valve.  (a) A picture of a fabricated device.  (b) Concentration distribution of fluores-
cent dye in a collagen matrix after one side reservoir was loaded with FITC.   
 
 
Figure 5.11: Schematic and operation of the integrated valve. 
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5.4.3   Cell Migration in 3D Collagen Matrices 
Cell migration is a highly complex and coordinated process which includes the 
extension of a leading edge protrusion, the formation of new adhesions, the transloca-
tion of cytoplasm forward, and detachment of adhesions at the cell rear (Friedl and 
Wolf, 2003).  Huge varieties of intracellular signaling molecules are involved in the 
migration process.  The Rho family of small GTPases, particularly Rac, Cdc42, and 
Rho, are thought to be the central coordinators in cell migration (Schwartz and Shattil, 
2000).  Rac is required at the front of the cell to regulate actin polymerization and in-
duce new adhesion formation (Rottner, et al., 1999).  Cdc42 is required for the estab-
lishment of cell polarity, which is essential for directed migration (Etienne-Manneville 
and Hall, 2003).  Rho is thought to associate with the maturation of adhesions and re-
gulate the contraction and retraction force required in the cell body (Raftopoulou and 
Hall, 2004).   
 
 
Figure 5.12: Mechanisms of Rho-protein regulation. GDP, guanosine diphosphate; 
GTP, guanosine triphosphate; P, phosphate; GEF, guanine nucleotide exchange factor; 
GAP, GTPases-activating protein; GDI, guanine nucleotide dissociation inhibitor. 
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The Rho family of small GTPases cycle is regulated by three groups of pro-
teins as shown in Fig. 5.12.  Guanine nucleotide exchange factors (GEFs) activate the 
GTPases directly through the exchange of GDP for GTP while GTPases-activating 
protein (GAP) stimulate the activity of the GTPase to hydrolyze its bound GTP mole-
cule to GDP, and guanine nucleotide dissociation inhibitor (GDI) is thought to block 
the GTPases (Raftopoulou and Hall, 2004).  
We applied this microfluidic platform to study the role of Asef2, a Rho family 
GEF, in cell migration.  Asef2 is thought to regulate cell migration via modulation of 
the actin cytoskeleton (Kawasaki, et al., 2007; Sagara, et al., 2009).  HT1080 fibrosar-
coma cell lines were generated to stably express low levels of GFP-Asef2 or GFP. 
Compared to the GFP control cells, cells expressing GFP-Asef2 contained 2-3 folds 
increased levels of active Rac and active Cdc42, and had approximately 50% de-
creased levels of active RhoA (Bristow, et al., 2009).  On a collagen coated surface, 
the GFP-Asef2 cells migrated slower than the GFP control cells (unpublished data), 
which was contradictory to observations made on substratum coated with fibronectin, 
where GFP-Asef2 cells had a migration advantage over the GFP control cells (Bristow, 
et al., 2009).  To better understand the mechanism of the GFP-Asef2 effects on cellu-
lar migration in a 3D matrix, we utilized these microfluidic devices to create a 3D col-
lagen matrix for cell migration analyses. 
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Figure 5.13: Schematics of the PDMS layers of the 3D gradient generator.  The first 
PDMS layer defines a pressure balance circuit, a cell migration chamber and a waste 
collecting circuit.  The second PDMS layer connects these three circuits.  The connec-
tion was controlled by pressure inside the third PDMS layer.  
 
The microfluidic platform was fabricated using the soft-lithography techniques 
as described in section 2.2.  SU-8 2150 (Microchem, Newton, MA) generated 500 µm 
high mold for the first PDMS layer (Fig. 5.13).  The high chamber would facilitate the 
matrix loading.  After peeled off from the mold, four pairs of 700 µm in diameter 
holes were punched in the first PDMS layer.  Each pair of holes was connected by the 
second PDMS layer as shown in Fig. 5.13.  The third PDMS layer defined a hydraulic 
control chamber as an overall switch for the lower four connectors.  These three 
PDMS layers were stacked to sit on a thin (0.13-0.16 mm) coverslip (No. 1, VWR 
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Vista Vision, Suwanne, GA), which was selected to facilitate imaging at high resolu-
tion during microscopy.  
Once liquid (PBS or DI water) was injected into the control chamber through 
the attached microbore tubes which were clamped at the two ends, the cell migration 
chamber was effectively isolated from the other two circuits.  Subsequently, a cell-gel 
mixture was loaded into the middle chamber.  Because the cell migration chamber was 
disconnected from the media providing and collecting channels, the culture media 
would not flow inside the pre-gel solution or vice versa. As a result, the composition 
of the cell-gel mixture loaded remained consistent among experiments and flow resis-
tance of side channels kept symmetric. 
HT1080 cells were first trypsinized using 0.25% trypsin and suspended in SF 
DMEM at a density of 60,000 cell/ml.  The 3D collagen matrix was prepared by ho-
mogeneously mixing 5 µl 10× DMEM (GIBCO® Carlsbad, CA), 6.7 µl DI water, 
0.86 µl 1 N NaOH for optimal pH, and 37.5 µl rat tail type I collagen (3.66 mg/ml 
stock) (BD Biosciences, Dan Jose, CA).  The cell impregnated collagen matrix was 
made by adding 50 µl of cell suspended medium to the collagen solution, to achieve a 
final concentration of 1.5 mg/ml collagen and 30,000 cell/ml.  The mixture was subse-
quently added to the loading well while the whole device was placed on ice.  Vacuum 
was not required because the flow rate was adequate for loading the cells because of 
the big chamber.  To achieve a homogeneous distribution of cells, the platform was 
flipped upside down and put into a humidified incubator at 37oC. After 10 min, the 
platform was flipped over and put back into the incubator for another 30 min to allow 
for polymerization of the matrices, after which 10% fetal bovine serum (HyClone La-
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boratories Inc., Logan, UT) plus 1% penicillin-streptomycin (GIBCO® Carlsbad, CA) 
supplemented DMEM was filled into the reservoirs to maintain the culture. 
When grown in these 3D matrices, the cells show a spindle-shaped morpholo-
gy as evidenced in the z-stack images obtained by reflection microscopy (Fig. 5.14), 
which also show the distribution of collagen fibrils.  As shown in Fig. 5.14, we were 
able to obtain a homogeneous distribution of cells in the 3D matrix within the 500 µm 
high chamber. Once mounted onto an environmental chamber attached to the confocal 
microscope, live-cell imaging was performed to investigate cell migration in real-time. 
Figure 5.15 shows a series of images of the migration process. The original images 
were taken for 10 hours with 5 min intervals.  As shown in Fig. 5.15, the cell mor-
phology dramatically changed during migration.  The cells exhibited thin, long or 
branched protrusions with ultimate translocation of the cell body in the 3D matrix.  
  
Figure 5.14: Z-stack images of HT1080 cells in collagen matrix acquired by reflection 
microscopy (a slice thickness of 5 µm averaged over two frames scale). 
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Figure 5.15: Time lapse images of HT1080 cell migration in a collage matrix. 
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Figure 5.16: Migration velocity of GFP (control) and GFP-Asef2 cells on a 2D sur-
face and in a 3D matrix. 
 
We also tracked the migration path and speed using live-cell imaging.  While 
the migration velocity of GFP-Asef2 cells increased on 2D fibronectin coated surface 
(Bristow, et al., 2009),  we found that the migration velocity of GFP-Asef2 cells was 
slower compared with GFP control cells (Fig. 5.16) on collagen coated surface. We 
found the same pattern in the 3D collagen matrix. The conflict indicated that the cells 
were regulated via a different signaling pathway and might differentially regulate ad-
hesion dynamics during their migration in the 3D matrix.  Interestingly, Rac, not 
Cdc42, is essential for Asef2-mediated migration and adhesion turnover on a 2D sur-
face (Bristow, et al., 2009).  Adhesions in GFP-Asef2 cells were small and had fast 
assembly and disassembly rates (Bristow, et al., 2009).  The current study, however, 
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suggested that other signaling mechanisms may also play roles in Asef2-mediated mi-
gration when cells were moving in a 3D collagen matrix.   
From these results, we conclude that this microfluidic assay has a preliminary 
success and discloses significantly different cell migration behaviors in a 3D environ-
ment. Because modulations of cell migration and adhesion in 2D settings have limita-
tions in predicting the cellular responses found in real organisms, the limitation of tra-
ditional planar migration highlights the urgent need to study cell migration in a 3D 
matrix.  The developed microfluidic device appropriately offers such a platform to cul-
ture cell in a 3D matrix. 
 
5.5   Summary 
To develop compact microfluidic cell culture platforms for establishment of a 
concentration gradient using the passive pumping method, we have designed a pres-
sure balance fluidic circuit that could automatically generate two streams with equiva-
lent pressure and flow rate.  Numerical simulations and fluorescent imaging confirmed 
the function of the fluidic circuit.  By feeding a pyramidal microfluidic circuit with the 
two streams from two individual passive pumps, a linear concentration gradient was 
created and maintained at the downstream.  The concentration gradient is stable and 
reproducible.  
A variation of the Dunn chamber was also developed using the pressure bal-
ance circuit, in which cells in the culture chamber would experience minimal shear 
flow.  More importantly, this type of device could be used to produce a concentration 
gradient in a 3D matrix and to study cell migration in the 3D framework. 
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Initial cell migration studies have also been performed in these chambers, even 
though at this stage the purpose is still to obtain the baseline instead of studying cell 
migration in response to a concentration gradient.  Interestingly, the experiments did 
show that the cell migration behavior in 2D and 3D can be different in response to the 
regulation of certain molecules. 
Taking advantage of the passive pumping, the whole device was compact 
enough to fit inside a Petri dish.  No external accessories, such as syringe pumps and 
connections, were associated with these devices, which is a favorable feature to biolo-
gists.  This microfluidic gradient generator offers a platform for a facile way of long-
term imaging and analysis using high-resolution microscopy.  It has the potential of 
gaining wide acceptance as a routine tool for a range of basic and applied studies of 
cell migration.  Finally, the pressure balance fluidic circuit used in this study may be 
applied to a variety of lab-on-a-chip applications requiring a balanced pressure among 
different flow streams. 
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CHAPTER  6 
 
SUMMARY AND OUTLOOK 
 
6.1   Summary 
This dissertation has developed several microfluidic platforms to manipulate 
various aspects of the microenvironment of cells in culture and co-culture.  A couple 
of innovative features and designs have been implemented to facilitate biological re-
search.  All platforms share several common biologically favorite characteristics. Pas-
sive pump provides sufficient culture media to maintain long-term cell culture and co-
culture. By virtue of exquisite portability and easy operation, the chance of introduc-
ing contamination are significantly reduced. All devices sit onto a thin and high opti-
cal quality coverslip, suitable for live-cell investigations using high-resolution micro-
scopy.  Replicating modeling using PDMS as the construction material makes the final 
device low cost and disposable in addition to increasing the homogeneity of devices 
and the throughput of experiments.   
A microfabricated valve has been integrated in an effort to establish platforms 
to control the interactions between two adjacent cell populations.  We demonstrated 
the feasibility of co-culturing two groups of cells in side-by-side and vertically-layered 
configurations.  Taking advantage of the integrated valve, each cell population can be 
individually treated without affecting the other.  This dissertation is the first to demon-
strate live-cell imaging of dynamic synapse formation between two CNS neurons 
transfected to express different fluorescent proteins, which represents a significant 
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technology breakthrough opening the door for dissecting the molecular mechanisms of 
spine and synapse formation.  The platform enables crosstalk between two cell popula-
tions in a controllable and reproducible fashion, which has been demonstrated by neu-
ron-glia co-culture and cancer-endothelial cell cross-migration under different condi-
tions.  The importance of cell microenvironments in cell-cell interactions has been 
demonstrated in the cross-migration of tumor cells and endothelial cells under nor-
moxic and hypoxic conditions.  The platform also enabled in vitro examination of 
cross migration of both cells mediated by different ligand-receptor pairs, which help to 
dissect the functions of these molecules. 
This dissertation has also developed two innovative new techniques for prob-
ing cellular signaling pathways.  Spatial separation through a permeable barrier pre-
vents a miscellany of cell populations but permits communication through soluble sig-
naling molecules alone.  Furthermore, the barrier has been engineered to prohibit the 
transport of certain molecules.  Therefore, specific extracellular signaling pathways 
can be selectively blocked without any genetic modifications of the cells.  I believe 
that applications of these platforms could be greatly helpful in fundamental biological 
and therapeutic studies. 
A pressure balance fluidic circuit has been developed to automatically generate 
two liquid streams with equal pressure and flow rate.  Integrated with this circuit, the 
platform has the ability to create and maintain a linear and stable concentration in 2D 
and 3D for a long time while keeping its user-friendly interface.  No other accessories 
are associated with these devices.  This innovative design provides a superior and via-
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ble alternative to the microfluidic cell migration assays using expensive external sy-
ringe pumps.  
Finally, this dissertation has demonstrated the implications of microfluidic 
platforms for cell culture and cell migration in a 3D matrix to better predict the cellu-
lar responses. Moving from cell monolayer to 3D environment is a new tread in in vi-
tro cell biology studies.  Microfluidics offers a well-suited way to establish assays to 
support 3D cell culture as shown by the cell migration platform.  I believe that all 
these platforms have the potential to gain wide acceptance as daily tools for a range of 
fundamental and clinical studies.   
 
6.2   Outlook, Challenge and Future work 
This dissertation has explored examples in controlling various aspects of the 
cellular microenvironment in cell culture and co-culture.  Possible future work in-
cludes new applications of these devices for investigations of other interesting cellular 
interactions to answer important biological questions.  I particularly speculate that 
employment of the ligand traps to probe signaling pathways will make a huge impact 
on cell biology.  However, one of the main challenges is to effectively conjugate the 
interested ligands’ receptors onto nanoparticles at a high concentration.  In our expe-
riments, we found that nanoparticles tended to accumulate during the polymerization 
process of the gel.  For a functioning device, the nanoparticles need to distribute ho-
mogenously in their scaffold.  More experiments need to be performed to find an ap-
propriate condition such as temperature, pH value and solution contents, which not 
only allows gel for polymerization but also prevents the accumulation of nanoparticles. 
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In this dissertation, only the simplest form, a straight valve barrier, has been 
implemented. Other shape, such as a circle, can be generated in a similar way in the 
future work for more complex devices.  Additionally, only one valve-controlled bar-
rier has been integrated in each platform.  In the future, without being limited, the me-
thod using a controlled physical barrier can be easily extended to individually-
controlled multiple barriers for multiple-chamber systems to regulate the interaction 
among more than two populations.  Taking the matter further, not only can the par-
ticles embedded barrier be patterned between cell populations, but also cell containing 
scaffold can be created in a similar manner, providing a unique opportunity to gener-
ate complex but more interesting multi-cell co-culture configurations. 
Another direction for the technology is to develop sophisticated systems to in-
tegrate additional functionality.  For example, micro-electrodes can be used to stimu-
late and record the activities of neurons.  We also can integrate new glucose and oxy-
gen sensors to monitor the metabolic rates of the cultured cells and novel sensors to 
measure the cell migration force.  However, an ongoing challenge is to trade the easy 
operation and low cost for the potential gain from these additional functionalities.  
More effort to communicate ideas between engineers and biologists is critical to ad-
dress this issue.     
Culturing cells in 3D has the potential to improve the physiological relevance 
of cell-based assays.  Microfluidics is expected to play a significant role in utilizing 
3D cell culture by forming the scaffold, providing continuous nutrition, and integrat-
ing analysis tools.  However, many challenges still remain to fully establish a main-
stream approach to reduce the gap between cell cultures and physiological tissues.  
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Transport of nutrients and growth factors is known to be hindered in a 3D matrix.  
Both matrix composition and cells’ distribution are correlated to the diffusive and 
convective hindrance, especially for large biological molecules.  Cell adhesion and 
migration speed also responds to the steric and mechanical properties of the matrix.  
Matrix compliancy should be considered as an additional parameter to construct a bio-
logical model.  In addition, information to collect and analyze increases exponentially 
after moving from a 2D into a 3D context.  Innovative acquisition tools are required 
and new theoretical models shall be developed to account for this change.  However, 
despite all these challenges, I optimistically believe that the integration of engineering 
and cell biology will lead to new standard protocols and quantitative analysis methods 
impacting on both fundamental and therapeutic studies.  
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APPENDIX 
 
A.   Two-layer Photolithography Protocol 
1. Spin-coat: SU-8 2005 
 Dispense photoresist onto silicon wafer 
 Spin at 500 rpm for 5 seconds 
 Spin at 3000 rmp for 30 seconds 
 Spin at 500 rpm for 5 seconds 
2. Soft bake 
 65 oC for 1 minutes 
 95 oC for 2 minutes 
3. Exposure: expose wafer to UV light through the transparency mask 
 400 mW/cm2 × 5  
4. Post exposure bake 
 65 oC for 1 minutes 
 95 oC for 3 minutes 
5. Development: develop in SU8 developer on spinning machine and rinse with 
acetone.  
6. Hard Bake: 
 120 oC for 30 minutes  
7. Spin-coat: SU-8 2050 
 Dispense photoresist onto silicon wafer 
 Spin at 500 rpm for 5 seconds 
 Spin at 1650 rmp for 30 seconds 
 Spin at 500 rpm for 5 seconds 
8. Soft bake 
 65 oC for 5 minutes 
 95 oC for 20 minutes 
9. Exposure: expose wafer to UV light through the transparency mask 
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 400 mW/cm2  
10. Post exposure bake 
 65 oC for 1 minutes 
 95 oC for 10 minutes 
11. Development: develop in SU8 developer on spinning machine and rinse with 
acetone several times.  
12. Hard Bake: 
 120 oC for 30 minutes  
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B.   Five Hundred Micrometre High Photolithography Protocol 
1. Spin-coat: SU-8 2150 
 Dispense photoresist onto silicon wafer 
 Spin at 500 rpm for 60 seconds 
 Spin at 1400 rmp for 30 seconds 
 Spin at 500 rpm for 10 seconds 
2. Soft bake 
 65 oC for 10 minutes 
 95 oC for 120 minutes 
3. Exposure: expose wafer to UV light through the transparency mask 
 400 mW/cm2 × 3  
4. Post exposure bake 
 65 oC for 5 minutes 
 95 oC for 30 minutes 
5. Development: immerse into SU8 developer for 20 minutes and then develop on 
spinning machine and rinse with acetone several times.  
6. Hard Bake: 
 120 oC for 30 minutes  
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C.   Transfection of Neurons 
The plasmids used for transfection of neurons were as follows: TSα2-m-Cherry 
construct, TSα2-EGFPC1, pre-synaptic protein construct, m-Cherry-pLL3.7-
Synaptophysin (a generous gift from Anne Marie Craig, University of British Colum-
bia, Canada) and the post-synaptic protein construct, TSα2-EGFP-PSD-95. 
The neurons are transfected on DIV3-4 with a modified calcium phosphate me-
thod. Two separate DNA expression vectors, one tagged with green fluorescent pro-
tein EGFPC1 and another with m-Cherry at varying concentrations ranging from 
2.5μg to 4.0μg are mixed separately in tubes containing 45μl of 120 mM CaCl2 solu-
tion. A co-precipitate containing calcium phosphate and DNA is formed by slowly 
bubbling 45μl of HEPES-buffered (HBS) solution (pH 7.05) in the tubes. An addition-
al 45μl of culture media is added to the mixture which is allowed to stand for 5 min at 
room temperature to facilitate the precipitate formation.  
Before adding the transfection mixtures, 0.2-0.3 ml of air is injected into the 
air chamber to press the barrier valve down and isolate the two chambers. The media 
in the reservoirs and the waste wells of the chips are also removed. To begin the trans-
fection process, 45 μl of each of the separate calcium phosphate- DNA- transfection 
mixtures are loaded in the respective cylinders. The precipitates can be observed under 
the microscope and their flow can be monitored in the chambers. After ensuring that 
an adequate flow rate is achieved and there is an even distribution of the precipitates 
over the cells, the devices are replaced in the incubator.  After 10-15 min, a drop of 
culture media is added in the waste well to reduce the fluid flow. This ensures the de-
position of the precipitates over the cells within the chambers and minimizes their loss 
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into the waste wells. The chambers are incubated at 37 0C for another 1-1.5 hours de-
pending on the general health of the cells that can be monitored occasionally. After 
about 1.5 hours, the transfection mixtures are removed, and replaced with pre-warmed 
wash buffer (HBS) at a pH 7.15, and the devices are returned to the incubator. The 
wash buffer hastens the dissolution and removal of the excess precipitates in the 
chambers that were not taken up by the cells. After approximately 1 hour of washing, 
the liquid in the reservoir cylinders are replaced with 300 μl of fresh glia-conditioned 
B27 culture media. The air is released from the air chamber after unclamping the mi-
crobore tube. A slight negative pressure is occasionally applied to ensure the complete 
release of the barrier valves from their pressed position. 
 
  
127 
D.   MATLAB code for concentration in the semi-permeable barrier  
clear all 
Pe = 10.0;                             % Peclet number 
Da = 100.0;                          % Damkohler number 
Phi_A = double(1.0);            % partition coefficient for A 
 
NN = 5000;                         % number of eigenvalues 
 
beta = zeros(1,NN,'double');  % eigenvalues 
 
t = 0.5;                                 % time 
 
dx = 0.01; 
x = 0 : dx : 1;                        % positions 
 
theta = x .* 0.0;                    % initial of theta 
theta(1) = Phi_A; 
 
for i = 2 : length(theta) 
     for   n = 1 : NN 
          an = 2.0*( (beta(n)*beta(n) + Pe*Pe/4.0) )/... 
              ( beta(n)*beta(n) + Pe*Pe/4.0 + Pe/2.0); 
          bn = ( beta(n)*beta(n) + Pe*Pe/4.0 + Da ) / Pe; 
          theta(i) = theta(i) + ( (1- exp(-bn*t)) * exp(0.5*Pe*x(i))*... 
              sin(beta(n)*x(i)) ) * Phi_A * an * beta(n) / Pe / bn;       
     end 
end 
 
% steady state to check the solution 
theta_s = x.*0.0; 
theta_s(1) = Phi_A; 
 
for i = 2 : length(theta_s) 
     rho = double(sqrt(Pe*Pe/4.0+Da)); 
     A = double(Phi_A); 
     B = -double(A*(rho*tanh(rho)+0.5*Pe)/(rho+0.5*Pe*tanh(rho))); 
     theta_s(i) = (A+B*tanh(rho*x(i)))*(1+exp(-2*rho*x(i)))... 
          /2.0/exp(-rho*x(i))*exp(0.5*Pe*x(i)); 
end 
 
plot(x,theta,'b',x,theta_s,'r'); 
 
% save results in a file 
fid = fopen('results.txt','w'); 
fprintf(fid, 'Pe=%12.6f\n',Pe); 
fprintf(fid, 'Da=%12.6f\n\n',Da); 
fprintf(fid, 'beta=\n'); 
fprintf(fid, '%12.8f\n',beta); 
fprintf(fid, '\n\nx=\n'); 
fprintf(fid, '%10.8f\n',x); 
fprintf(fid, '\n\ntheta=\n'); 
fprintf(fid, '%10.8f\n',theta); 
fclose(fid);  
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